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INTRODUCTION

By JaMEs D. VINE,
U.S. GEoLoGICAL SURVEY, DENVER, CO

An assessment of the mineral resources within our
nation’s borders is a continuing responsibility of the U.S.
Geological Survey; it is continuing because there is
never a final answer. While mineral resources are not
renewable, neither are they static. An assessment of a
mineral commodity is a function of the adequacy of the
data base, economic factors that influence demand,
technologic changes, and ingenuity applied to the dis-
covery and definition of commercially extractable mate-
rial, as well as, the accuracy of measurements applied to
the dimensions and grade of material to be extracted.
When a recent reassessment of United States lithium
resources and a comparison with potential demand
suggested a possible depletion of known resources much
sooner than previously indicated, the decision was made
to sponsor a symposium which would bring these facts
to light. Possible participants were contacted from Foote
Mineral Company, Gulf Resources and its subsidiary,
Lithium Corporation of America, Kerr-McGee Chemi-
cal Corporation, the U.S. Geological Survey, several
state geologists, U.S. Bureau of Mines, U.S. Energy Re-
search and Development Administration, Lawrence
Livermore Laboratory, Argonne National Laboratory,
and Brookhaven National Laboratory. The participants
represented the lithium producing industry, govern-
ment specialists on the reserves, resources, and geologic
occurrence of lithium, and the sponsors and contractors
involved in the design and testing of new energy-related
applications for lithium in batteries and in thermonu-
clear power. When it became apparent that there were
enough potential participants to address the problem of
resources and requirements, a tentative program was
formulated and a date set for the symposium. It became
apparent that interest was not limited to those who had
been asked to participate, and invitations were extended
to many others who expressed interest in attending the
symposium. Although not widely advertised because of

the time limitation, the symposium attracted nearly 150
participants and observers from the United States,
Canada, Great Britain, and Rhodesia.

A noteworthy difference of opinion between the par-
ticipants from industry and the government specialists
regarding the gravity of the impending shortage of
lithium forecast by representatives from the U.S.
Geological Survey developed. Representatives from in-
dustry were united in their opinion that the potential
increased demand for lithium suggested by the en-
gineers working on the development of batteries suita-
ble for electric vehicles could be met. This difference of
opinion is emphasized because only the prepared pa-
pers are contained here, and there is no record of the
ensuing discussions that are an essential part of a sym-
posium. (See Hammond, 1976.)

This symposium was the first of its kind for lithium
and unique in having brought together specialists from
such diverse points of view. The benefits far outweighed
the concern of a few participants who felt that too much
emphasis and publicity were placed on the forecast of a
shortage of lithium. The forecast itself can best be
judged from hindsight, a task for some future sym-
posium.

The arrangement of the papers in this volume is simi-
lar to the order of presentation at the symposium, be-
ginning with papers dealing with potential new energy-
related uses for lithium in batteries and fusion power.
These are followed by papers dealing with the lithium
industry, lithium resources, and finally the geology and
geochemistry of lithium, geophysical exploration tech-
niques, computer applications of resource data, and
chemical analytical technique.

Reference cited

Hammond, A. L., 1976, Lithium, will short supply constrain energy
technology?: Science, v. 191, no. 4231, 1037-1038.
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2 LITHIUM RESOURCES AND REQUIREMENTS BY THE YEAK 2000

BATTERY RESEARCH SPONSORED BY THE
U.S. ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION!?

ALBERT A. LANDGREBE, ENERGY RESEARCH and DEVELOPMENT ADMINISTRATION,
WasHINGTON, DC, and PauL A. NELSON, ARGONNE NATIONAL LABORATORY, ARGONNE, IL

ABSTRACT

An important part of the Energy Storage Program of the U.S.
Energy Research and Development Administration is the develop-
ment of storage batteries for loadleveling on electric utilities and au-
tomotive propulsion, and for application to new energy generating
systems. The successful development of batteries for these purposes
will provide significant savings of oil resources and will also have ben-
eficial environmental effects. A very high manufacturing volume
may be required for these batteries, and the availability of the required
raw materials is an important consideration. Lithium-aluminum/iron
sulfide batteries show promise both for utility energy storage batteries
and electric vehicle batteries, and serious consideration should be
given by the lithium industry to the availability of lithium resources.

INTRODUCTION

The primary goal of the Energy Storage Program of
the U.S. Energy Research and Development Adminis-
tration (ERDA) is to develop energy storage techniques
that will have the most favorable impact on U.S. energy
systems, in terms of resources, environment, and eco-
nomics. Investigations are being directed toward de-
veloping safe and economical storage devices for storing
heat or electrical energy generated from nuclear fuel,
coal, or solar energy, which are plentiful sources. Such
storage devices are needed for electric utilities, ad-
vanced automotive systems, and other residential, com-
mercial, and industrial applications. The storage devices
developed for these applications would replace systems
that now use petroleum or natural gas, which are in
short supply. For many of these applications energy is
stored most conveniently as electric energy in storage
batteries. This paper describes the programs now in
progress on developing these batteries and the justifica-
tion for these programs. Some of these programs are a
continuation of work started by the Division of Applied
Technology of the U.S. Atomic Energy Commission.
However, most of the programs are new, and a consid-
erable increase has been made in funding over the levels
of fiscal years 1974 and 1975.

ENERGY CONSUMPTION IN THE
UNITED STATES

Within the past quarter of a century, significant

'Work performed under the auspices of the Assistant Administrator for Conservation
Energy Research and Development Administration.

changes have occurred in the mix of fuels in the U.S.
The fraction of total fuel supplied by coal has decreased
from 38 percent in 1950 to a level of 18 percent in 1974,
in spite of the fact that the coal input to the rapidly
growing electrical sector has tripled during this interval.
To some extent, coal has been displaced by a cheaper,
cleaner, and far more convenient-to-use form of energy,
namely, natural gas, which has experienced a fivefold
increase in usage during the last 25 years. In this inter-
val, the fraction of the total national fuel mix supplied
by natural gas has increased from 18 to 33 percent. At
the same time, reliance on oil in the U.S. has generally
grown at about the same rate as the total energy de-
mand. Within the past few years, oil consumption has
grown at an average rate of 6 percent per year. The
changing pattern of consumption of energy resources in
the recent past is shown in table 1.

The energy consumption in the U.S. in 1972 was
72x10'5 Btu. The forecast for energy consumption in
1985 is 105x10'5 Btu, and that for longer-term con-
sumption (for the year 2000) is 162x10!% Btu. The val-
ues in table 2 show the domestic supply for each major
energy source in selected years, along with the total
energy consumption for those same years, and by dif-
ference the energy shortfall. The latter values represent
the amounts that will have to be satisfied by imported
fuels or by some method of rationing if energy conser-
vation measures are not adopted.

OIL SAVINGS BY MEANS OF ENERGY STORAGE

At the present time, most utilities use gas turbines as
the major source of peaking power. These devices are
low in capital cost, but they are expensive to operate;

TaBLE 1.—United States consumption of energy resources by major sources®

10'* Btu
1950 1960 1970
Petroleum ______________ 13.489 20.067 29.614
Natural gas ____________ 6.150 12.699 22.029
Coal - . 12913 10.140 12.822
Hydro__________________ 1.440 1.657 2.650
Nuclear .. ________ - .006 .229
Total primary energy ---. 33.992 44.569 67.444

'Dupree and West, 1972.
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TaBLE 2.—United States energy shortfall*

TaBLE 3.—Energy storage research and development program.

10'3Bru
1971 1975 1980 1985 2000
Domestic supply:
Natural gas _______ - 21.310 22.640 22.960 22,510 22,850
Petroleum __________ 22.569 22,130 23.770 23.600 21.220
Coal 12.560 13.825 16.140 21.470 31.360
Hydro___ 2.833 3.570 3.990 4.320 5.950
Nuclear .391 2.560 6.720 11.750 49.230
Total ____________ 60.163 64.725 73.580 83.650 130.610
Domestic
consumption . ________ 68.728 80.265 90.075 105.308 162.450
Shortfall to be
satished by
imports ___.__________ 8.656 15.540 16.495 21.650 31.840
(10 bblosly ____. . __ (1,546) (2,775) (2,946) (3.866) (5,686)

'Dupree and West, 1972; Hoffman, Beller and Doernberg, 1975.

moreover, they produce significant quantities of nitro-
gen oxides and are noisy. Development of alternative
electrical-storage technology would reduce the need by
the utilities for the high-grade fossil fuels and natural
gas that are required to operate peaking turbines. With
the increasing introduction of nuclear central electric
generation, electric energy storage becomes an increas-
ingly important consideration because safety and eco-
nomics dictate that reactor systems operate at base load.

The transportation sector of the energy economy is
presently almost totally dependent on the use of
gasoline and distillate oils. Thus, the development of
energy storage for transportation systems by means of
batteries or of the use of hydrogen as an automotive fuel
is potentially of great value. The energy supplied to
charge batteries or to produce hydrogen would be off-
peak power and thus would serve to level the load, in a
manner analogous to load leveling at a utility substation
or central station.

Petroleum and natural gas savings would also result if
economical systems can be devised to utilize replenish-
able energy sources such as solar energy and wind
energy. Because the availability of these sources is in-
termittent, economical storage devices are needed. For
heating homes with solar energy, thermal storage ap-
pears to be the most appropriate. If solar or wind
energy are to be used to generate electricity, however,
the use of storage batteries is appropriate. The re-
quirements for such batteries would be similar to those
for utility storage batteries except that units of smaller
capacity would be needed.

A summary of the goals of the energy storage pro-
grams, expected oil savings, and the research costs are
shown in table 3. It is estimated that these programs will
save 24 percent of the imported oil projected for the
year 2000; this is approximately 13 percent of the total
oil demand in the year 2000.

The electric utility industry has estimated that 15 to
25 percent of the daytime generating capacity of future

Projected annual

savings of Toral
imponrted oil, research,
10% bblfyr Costs,
Program Program goals 1985 2000 $10°
1. Energy storage for Reduce o1l consumption in 39D 651 300
electric utilines gas tuibines by 80 per-
cent in the year 2000.2
reduce requurements for
new transnussion facili-
ties by 10 percent.
2. Advanced energv stoi- Introduce 22.5 million elec- 3 120 45¢
age for automotive tric and hybnd vehices
applications. mnto the transpoitation
sector by 2000.
3 Indusuial Reduce tossil tuel (oil and 3 212 40¢

applications. gas)consumpnon inin-
ustrv by 10 percent m
the vear 2000.
Reduce fossil fuel (gas and nil 123 8¢
oil) consumption in space
heat applicauons by 12
rcent in the vear 2000.
Allow practical implemen- 26 215 30¢
tation of solar energy to
save 2 percent of the total
ol in the vear 2000.

4. Commeraal and
residential.

(&

. Apphcauons to
solar energy.

Total 71d 1,351€

2 Assumed 6 percent of electricity generated by the utihities was produced bv gas turbines
with an efficiency of 40 percent.

b Assumed that all of the new gas turbine capacity installed between 1977 and 1985 and 12
percent ot the capacity exisung in 1977 were replaced by energy storage devices.

¢ It1s assumed that the costs required tor the other storage programs are incremental cost to
the utility storage program. The utility need 1s current and these energy storage systems can
be implemented in the near term.

d Approximately 2(§>ercem savings of projected oil imports in year 1985; about 1 percent of
total o1l demand in 1985,

€ About 24 percent savings of projected o1l imports in year 2000; about 13 percent of total
oil demand in the year 2000.

utility systems could be supplied by batteries that are
charged during off-peak periods. Unfortunately, a suit-
able battery does not yet exist for this application. The
introduction of bulk energy storage batteries on utility
networks would eliminate the need for gas turbines
which are presently used to generate power during peak
periods. If 80 percent of the gas turbine units could be
replaced by battery units, the oil savings would be ap-
proximately 450 million bbl/year by the year 2000.
Plants employing these batteries are expected to be
compact, efficient, quiet, and nonpolluting. Con-
sequently, siting problems should be minimal, and bat-
tery plants could be located near load centers to achieve
maximum savings in transmission costs. Also, the bat-
teries could be supplied in modular form, which would
allow the storage capacity to be easily altered as the elec-
tric utility requirements change.

The advanced battery systems currently under de-
velopment for use in utility networks after 1985 include
sodium/sulfur, lithium/metal sulfide, and zinc/chlorine,
as well as several other systems which are presently in an
earlier stage of development. The sodium/sulfur,
lithium/metal sulfide, and zinc/chlorine systems are ap-
proaching the battery hardware stage, but will require
additional research and development to improve elec-
trical performance and lifetime and to reduce costs.
None of these battery systems have advanced to the
point where successful development has become cer-
tain; however, it appears very likely that at least one of
these advanced batteries will be successfully developed,
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thereby resulting in the major petroleum savings de-
scribed above. Present plans call for the sodium/sulfur,
lithium/metal sulfide, and zinc/chlorine batteries to be-
come operational in 1980, 1981, and 1983, respectively.
(The other electrochemical systems appear to require
major technical advances before the hardware stage is
reached.) The ERDA program provides for research
and development on the most promising alternative bat-
tery systems. If major technical advances are made in
one or more of these systems, the level of funding will be
increased, and the more promising systems will be
brought to the demonstration and commercial de-
velopment stage, if warranted. The total cost of the
ERDA program for research and development of ad-
vanced batteries is projected at $200 million through the
year 2000. It is anticipated that industry will participate
on a cost sharing basis and that some of the demonstra-
tion projects may be funded as loans.

A Battery Energy Storage Test (BEST) Facility will be
constructed for the testing of advanced batteries and
power-conditioning equipment. The electrical perform-
ance and lifetime capabilities of the batteries will be de-
termined under standardized conditions to allow direct
comparisons to be made among the various systems.
The test results will be used to determine what im-
provements are necessary for each system and to aid in
determining which systems should receive additional
support. The BEST Facility will become operational in
1979 and will be used first for testing advanced lead-acid
batteries. Large-scale testing of lithium-aluminum/metal
sulfide, sodium/sulfur, and zinc/chlorine batteries
should be under way in the BEST Facility in the period
from 1980 to 1985.

BATTERIES FOR ELECTRIC VEHICLES

Existing electric vehicles for highway use are severely
limited in their range and performance because of the
low specific energy and low specific power of the bat-
teries that are available. Such vehicles normally have a
range of 20 to 50 miles and a top speed of 30 to 50 mph,
depending on the driving conditions. This lack of per-
formance not only discourages consumer acceptance,
but also creates safety problems. Vehicles of this type
may be suitable for certain interim, limited applications;
however for the long range, electric vehicles of accepta-
ble performance will require new types of batteries of
high specific energy (120 to 150 W-hr/kg) and high peak
specific power 150 to 200 W/kg). It appears that these
long-range requirements can be met only by new ad-
vanced battery systems—very likely some of the systems
are currently under development.

For near-term application, the battery systems being
investigated include lead-acid, nickel/iron, and nickel/

zinc. Improvements in these systems will make it possi-
ble to attain interim goals that will aid in assessing the
long-range viability of electric vehicles. Among the sys-
tems that are under consideration for the longer range
application are sodium/sulfur, lithium-aluminum/FeSo,
zinc/chlorine, zinc/bromine, zinc/air, iron/air, lithium/
air, and aluminum/air. The sodium/sulfur and lithium-
aluminum/iron sulfide systems are both well advanced
into the cell hardware stage and will soon be tested in
battery configurations. Both systems have achieved cycle
lives of several hundred charge-discharge cycles and
lifetimes of several thousand hours. (The minimum re-
quirements for an electric vehicle battery are about 1000
cycles and 25,000 to 50,000 hr.) Both systems also show
promise for meeting the long-term specific energy and
specific power goals. A zinc/chlorine battery has been
demonstrated in a test vehicle and a rechargeable zinc/
chlorine battery has attained about 100 cycles in the lab-
oratory. The zinc/air and iron/air systems are under de-
velopment by industry and are now capable of about
150 cycles. However, both these systems have low
specific powers (20 to 40 W/kg) and low overall energy
efficiencies of only about 30 percent. The zinc/bromine,
lithium/air and aluminum/air systems are under consid-
eration for development, but little or no work is cur-
rently in progress.

Only a few thousand electric vehicles are on the road
today in the U.S. However, the development of high-
performance batteries is expected to increase their ac-
ceptability to the public, and the number of electric ve-
hicles on the road is expected to increase from 10,000 in
1978 to 18 million by the year 2000. The corresponding
annual production of electric vehicle batteries would in-
crease from 7,000 in 1978 to 10 million in the year 2000.
On the basis of a battery capacity of 35 kW-hr per vehi-
cle, the cumulative battery capacity produced over this
period would be about 2 million MW-hr. The total value
of all of the batteries produced during this period at a
price of $30/kW-hr would amount to approximately 60
billion dollars. On this same basis, the annual value of
batteries produced would increase from 8.5 million dol-
lars in 1978 to about 12 billion dollars in 2000.

The widespread use of electric vehicles will affect sev-
eral areas of our society. The overall environmental im-
pact of electric vehicles should be favorable. Although
the level of pollution will not be decreased, the pollution
problem will be transferred from the highways to the
electric generating plant, where it can be coped with
more easily. The use of electric vehicles will also have a
significant economic impact on the automotive, petro-
leum, battery manufacturing, and electric utility indus-
tries. However, the changeover from gasoline-powered
to electric-powered vehicles is expected to be gradual,
and no major disruptions are anticipated.
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MATERIAL SUPPLIER FOR
ADVANCED BATTERIES

The manufacture of batteries for storing energy on
electric utilities and for propulsion of electric vehicles
will be a multibillion-dollar business by the year 2000, if
any of several battery programs now under develop-
ment are successful. The manufacturers of these bat-
teries will require huge quantities of strategic materials.
Of particular interest here is that one of the most prom-
ising systems—the lithium/metal sulfide system—utilizes
lithium, not only as one of the active materials, but also
as a constituent of the LiCl-KCl molten salt electrolyte.
If the performance goals for the lithium/metal sulfide
battery are achieved, the demand for these batteries will,
in turn, create a greatly increased demand for lithium.
Accordingly, serious consideration should be given by

the lithium industry to possible problems related to the
availability of lithium resources and to greatly increased
production rates. However, the problem of lithium
availability may not continue for the long term if other
molten-salt systems can be developed that have per-
formance capabilities similar to that of the lithium/iron
sulfide systems. Work on molten-salt systems not con-
taining lithium is in the early development stage at Ar-
gonne National Laboratory.
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BATTERY SYSTEMS FOR LOAD-LEVELING AND
ELECTRIC-VEHICLE APPLICATION,
NEAR-TERM AND ADVANCED TECHNOLOGY?

By N. P. Yao and W. J. WaLsH,
ARGONNE NATIONAL LABORATORY, ARGONNE, IL

ABSTRACT

Intensive efforts are underway in the United States and elsewhere to
develop secondary batteries for utility load-leveling systems and elec-
tric vehicles. The lead-acid battery is the only candidate system that
can meet the performance requirements using presently available
technology, but it has the drawbacks of higher-than-desired battery
cost and marginal energy-storage capacity for the vehicle application.
The Zn/Ni system appears to have a good chance of capturing the

near-term electric-vehicle market, provided that advances can be
made in reducing costs and increasing battery lifetime. Advanced sec-
ondary battery systems that may come into commercial use by 1985
include Li-Al-FeS,, Na/S, and Zn/Cly. These advanced systems are
expected to possess superior performance characteristics and
economic prospects compared to lead-acid and Zn/Ni batteries.

'Work supported by the Conservation Division of the Energy Research and Development
Administration
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LITHIUM REQUIREMENTS FOR HIGH-ENERGY
LITHIUM-ALUMINUM/IRON-SULFIDE BATTERIES
FOR LOAD-LEVELING AND ELECTRIC-VEHICLE APPLICATIONS!

By A. A. CHILENSKAS, G. J. BERNSTEIN, and R. O. IvINs,
ARGONNE NATIONAL LABORATORY, ARGONNE, IL

ABSTRACT

Lithium-aluminum/iron-sulfide batteries are being developed at
Argonne National Laboratory for use as energy-storage devices on
electric utilities and as power sources for electric vehicles. These bat-

teries are expected to come into commercial use around 1985 and to
achieve rapid market penetration thereafter. By the end of the year

Work performed under the auspices of the Assistant Administrator for Conservation,
Energy Research and Development Administration.
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2000, as much as 3 percent (3x10% kW-hr) of the projected total U.S.
energy consumption could be supplied by lithium-aluminum/iron-
sulfide off-peak energy-storage batteries. At the same time 18 million
electric vehicles or more may be powered by lithium-aluminum/iron-
sulfide batteries.

Projections have been made of the quantity of lithium required for
lithium-aluminum/iron-sulfide batteries produced from 1985 to 2000.
The projected lithium requirement in the year 2000 represents a sub-
stantial fraction of the present estimate of world lithium resources and
is nearly equal to the estimated economically recoverable lithium re-
sources in the U.S. In addition, the potential market for primary bat-
teries using lithium will add to these requirements. Expansion of explo-
ration for new sources and increases in production capacity will be
needed to meet the projected lithium requirements for the introduc-
tion of these batteries in sufficient quantities to produce the desired
impact upon petroleum-conservation goals in the U.S. transportation
sector and electrical-power generation.

INTRODUCTION

The Chemical Engineering Division of Argonne Na-
tional Laboratory is engaged in a research and de-
velopment program on high-performance lithium-
aluminum/iron-sulfide batteries suitable for powering
electric automobiles and for storing off-peak energy to
level the loads on generating equipment in electric util-
ity systems. At the present time, commercially available
batteries are limited in their ability to meet the stringent
performance, cost, and lifetime requirements for these
applications. The successful development of more
economic, high-specific-energy batteries for either ap-
plication would provide a means of using energy pro-
duced from nonpetroleum sources (for example, nucle-
ar, coal) and reduce our dependence on foreign oil
sources.

The current effort in the battery program consists of
about 65 engineers, chemists, metallurgists, and other
technical personnel, including temporary industrial par-
ticipants, postdoctoral appointees, students, and faculty
members, and is funded chiefly through the Division of
Conservation Research and Technology in the Energy
Research and Development Administration (ERDA)
(Nelson and Webster, 1974; Nelson and others, 1974).

The batteries consist of cells containing a lithium-
aluminum alloy in the negative electrode and a metal
sulfide such as FeS or FeSy in the positive electrode. The
electrolyte is the LiCI-KC1 eutectic, which has a melting
point of 352°C. For this reason the cells are operated at
temperatures between 380° and 450°C. A drawing show-
ing a full-scale cell designed for a utility load-leveling
battery is shown in figure 1.

To provide an opportunity for industry to develop
manufacturing techniques and expertise in the fabrica-
tion of lithium-aluminum/metal-sulfide cells, commer-
cial development contracts have been let with Gould,
Inc.; Eagle-Picher Industries, Inc.; and Catalyst Re-
search Corp. to develop, fabricate, and deliver cells to
Argonne for testing and evaluation. Argonne has also
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F1cure 1.—Design of prismatic cell for Argonne National Laboratory
lithium/aluminum/iron sulfide battery.

contracted with Atomics International for a supporting
development program; at the present time their ap-
proach incorporates a lithium-silicon-alloy negative elec-
trode of their own development.

Test cells and electrodes have been fabricated by both
Gould and Eagle-Picher and are now being tested. Dur-
ing 1976 the industrial-cell-fabrication development will
be extended to the fabrication of battery systems. Cur-
rent plans include large-scale battery tests both in the
laboratory and in a test automobile early in 1978.

The cells currently being tested are square in shape,
13 cm on a side, and 2 to 3.8 cm thick. Both FeS and
FeS, positive electrodes are being evaluated. The
former appear attractive for electric-utility-storage ap-
plication owing to potentially lower cost, whereas the
latter appear more suitable for automobiles owing to
their higher power capability. Cells containing FeS elec-
trodes have achieved a capacity of about 90 A-hr at 1.2
V, and cells with FeSs electrodes have demonstrated a
capacity of about 120 A-hr at 1.5 V. These values, which
correspond to specific-energy values of about 100
W-hr/kg for FeS cells and 150 W-hr/kg for FeS, cells, are
about three to five times that obtainable from a lead-acid
battery. With further improvements in cell design, the
specific energy is expected to increase by at least 25 per-
cent and possibly as high as 50 percent.
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LITHIUM REQUIREMENTS

Because of the potential demand for large quantities
of lithium for fabrication of lithium-aluminum/iron-
sulfide batteries, we have attempted to forecast the need
for lithium in the time period 1985-2000. In this re-
gard, not only the total amount of lithium contained in
the batteries, but the production rate necessary for
meeting annual needs is of importance.

The projected lithium requirement for off-peak
energy-storage batteries is based upon a total U.S.
electrical-energy consumption of 4x10° MW-hr in
1985, 6x10° in 1990, and 10x10° in the year 2000
(Electric Research Council, 1971). The fraction of this
energy supplied from lithium-aluminum/iron-sulfide
batteries was estimated to be minimal in 1985, about 1
percent in 1990, and about 3 percent in 2000. Based
upon these assumptions, the projected energy supplied
from battery storage plants in the year 2000 is 3x108
MW-hr. Laboratory test cells have achieved 150 W-
hr/kg. These cells have a lithium content of 6.5 weight
percent. About 4 percent of this is in the electrodes, and
the remaining amount is contained as lithium chloride
in the molten salt electrolyte. Assuming 250 charge-
discharge cycles per year and the above values, the
lithium content in battery systems on utility networks
would be about 5x108 kg in the year 2000.

In table 4, we estimate the annual requirement for
lithium based upon our projected rate of growth of util-
ity storage facilities and assuming 10-yr life-time for the
batteries. We have also indicated the production rate of
new lithium if the lithium in used batteries can be recy-
cled with a 90 percent recovery. Recycling of lithium has
the advantage of reducing the amount of new lithium
that has to be extracted from available lithium re-
sources. Because of the relatively small use of these bat-
teries prior to 1990, recycling of utility storage batteries
does not become important until after 1995.

A projection was also made of the number of electric
vehicles in operation in the U.S. until the year 2000.
These vehicles are expected to be introduced in signifi-
cant numbers around 1985, with annual production ris-

TABLE 4.—Projected requirements for lithium in lithium-aluminum/iron-
sulfide batteries for utility energy storage

1985 1990 2000

Total U.S. electrical-energy

consumption, MW-hr ______________ 4x10° 6x10° 10x10°
Electrical energy supplied by

batteries, MW-hr __ ________________ 5%10° 6x107 3x10%
Lithium in utility batteries, kg -_______ 1x10% 1x10® 5.2x10°
Annual new lithium production;

no lithium recycle, kg______________ 1x10% 2.8x107 8x107
Annual new lithium production;

90 percent lithium recycle, kg _____. 1x10% 2.8x107 5.3%x107

ing to about 2.7 million in the year 2000. Based upon an
expected average lifetime of these vehicles of at least 10
years, about 18 million electric vehicles would be on the
road in the year 2000. Figure 2 shows the growth rate of
electric vehicles starting with modest production in
1982.

A typical vehicle would be equipped with a 42 kW-hr
lithium-aluminum/iron-sulfide battery weighing about
350 kg and would be capable of driving the vehicle more
than 240 km per charge. The electric-vehicle cells would
contain about 7.2 weight percent elemental lithium as
metal and salt. Thus, each vehicle battery would hold
about 15 kg of lithium; this value represents a total of
2.7x108 kg in vehicle batteries in the year 2000.

During the period between 1985 and 2000, about
20x10° vehicles would have been built and about 2x106
would have been scrapped, based upon an average
lifetime of 10 years. Consideration was also given to the
effect upon annual demand for new lithium if the vehi-
cle batteries had lifetimes of 5 years instead of 10 years
and if the lithium in used batteries could be recycled
with 90 percent recovery. (see fig. 3.) Table 5 shows the
annual demand for new lithium for 5- and 10-year bat-
tery lifetimes and under the conditions noted above.

Table 6 summarizes the total annual requirements for
lithium and the total lithium in battery use for both
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Figure 2.—Electric-vehicle production.
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F1GURE 3.—Annual lithium requirements for electric-vehicle batteries.

TABLE 5.—Projected requirements for lithium in lithium-aluminum/
iron-sulfide batteries for electric-vehicle propulsion

1985 1990 2000

Annual electric vehicle production ___ 8.0x104 7.0%10° 2.7%10°
Total electric vehicles in operation - 1.5x10° 2.1x10°® 1.8x107
Lithium in operating electric

vehicles, kg __________________________ 2.3%10° 3.2x107 2.7x10%
Annual new lithium production:

5-yr battery life, no recycle, kg ________ 1.2x108 1.2x107 7.7x107
Annual new {ilhium production: 5-yr

battery life, 90 percent recycle, kg ___.__ 1.2x108 1.1x107 4.4%107
Annual new lithium production: 10-yr

battery life, no recycle, kg ______________ 1.2x108 1.1x107 4.1%107
Annual new lithium production: 10-yr

battery life, 90 percent recycle, kg ______ 1.2x10°8 1L1x107 3.1x10*

TABLE 6.—Projected requirements for lithium in lithium-aluminum/
iron-sulfide batteries for utility energy storage and electric vehicles

1985 1990 2000

Lithium in utility facilities, kg ____________ 1.0x10¢ 1.0x108 5.2x10®
Lithium in electric vehicles, kg__ - 2.3x108 3.2x107 2.7x10®
Total lithium in use, kg __________ - 3.3x10° 1.3x10® 7.9x10%
Total annual new lithium productio

10-yr battery life, no recycle, kg ____.___- 2.2x108 3.9x107 1.2x108
Total annual new lithium production:

10-yr battery life, 90 percent

recycle, kg . 2.2x10°¢ 3.9%107 8.4x107
Cumulative production of lithium:

norecyde, kg ________________________ 3.3x10® 1.3x108 9.3x10®
Cumulative production of lithium:

90 percent recycle, kg _______._________ 3.3x10° 1.3x108 8.1x10°

electric vehicles and energy storage under the condi-
tions noted above. The requirements shown in this table
must be compared with estimated lithium resources and

the required rates of production. In addition, some al-
lowance must be made for lithtum requirements for
other battery applications, such as primary batteries for
military and civilian use.

Considerable uncertainty surrounds estimates of
lithium resources. World lithium resources have been
estimated as high as 2x10'% kg (H. R. Grady, written
commun. 1974). Other estimates suggest that econom-
ically recoverable U.S. resources might be less than
1x10? kg (J. D. Vine, written commun. 1975). Table 6
shows that the cumulative production of lithium by the
year 2000 could equal the presently identified, econom-
ically recoverable U.S. resources.

Consideration must be given to lithium production
rates. The U.S. Bureau of Mines (J. D. Vine, written
commun., 1975) estimates that lithium production was
about 2.6x10° kg in 1968. On the basis of an estimated
annual growth rate of 10 percent, the production in
1974 would have been about 4.5x10° kg. If a 10 percent
annual growth rate is maintained until 1985, annual
production would be 1.2x107 kg. This would be about
10 tmes the projected requirements for lithium-
aluminum/iron-sulfide batteries in that year. If the same
growth rate continued until 1990, annual production
would reach 2x107 kg. This is less than the annual
battery-production requirements under the conditions
of 10-yr battery life and 90 percent recycle (3.9x107 kg).
The requirements for the year 2000 (8.4 X107 kg) would
also exceed projected capacity at 10 percent growth
(5.2x107 kg). In addition to expansion of capacity for
producing new lithium from ores, it will be necessary to
establish a lithium-recovery technology to permit recy-
cling of the increasing amounts of lithium in used bat-
teries. It should be noted that the chemical form of
lithium that will be used in commercial cells will very
likely be LisS, as suggested by recent results of the cell-
fabrication development effort. The commercial produc-
tion of LipS will be based upon the chemical conversion
of lithium ores to LigS rather than the current practice
of producing the sulfide from lithium metal.

The availability of lithium clearly constitutes a major
supply problem for the period 1985-2000, and acceler-
ated efforts at discovery of new resources and expansion
of production facilities will be needed if lithium-
aluminum/iron-sulfide batteries are to be introduced
into the economy at rates sufficient to produce the de-
sired impact upon petroleum conservation goals in the
U.S. transportation sector and in electrical power gen-
eration,
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of service stations required for handling lithium metal.
The mechanics of refueling the battery pose no serious
problems, and details will be determined by considera-
tion of economics and convenience.

The lithium carbonate reaction product would be
transported to a recycling plant for reduction to lithium
metal and carbon dioxide, as shown schematically in
figure 7. Such a distribution system involving reproc-
essing and service centers does not currently exist.
The cost of reprocessing lithium carbonate to lithium
metal in large quantities is largely conjectural, but Foote
Mineral Company (written commun., March 1975)
stated that it may be in the range of $3.30/kg. If the cost
of recycling lithium could be reduced to $1.30/kg, the
fuel costs for the vehicle would be roughly $0.05/mile.
This rate corresponds to a gasoline cost of $1.50/gal for
an internal combustion engine vehicle achieving 30
miles/gal.

HYBRID BATTERY SYSTEMS

The lithium-water-air battery can be employed in sev-
eral different configurations. Thus far, it has only been
considered as a primary battery system. However, dual
battery hybrid systems could allow more economical op-
eration without a sacrifice of performance. A secondary
battery (for example, Ni-Zn) would provide propulsion
energy for all short trips (that is, under 32 km), which
constitutes 55 percent of total vehicle travel (Motor Ve-
hicle Manufacturers Association, 1973-74, p. 37). The
primary battery would be activated when needed for
greater range or rapid refueling. Hybrid systems would
thus serve to reduce operating costs and make the vehi-
cle competitive with internal combustion engines. A
dual-battery hybrid system is an attractive means of
combining the high performance of the lithium-water-
air primary battery with the economical operation of the
secondary (table 7).

ELECTRICAL CARS IN THE FUTURE
We do not know with certainty what percentage of

Lithium
anodes \ Regional reprocessing plant
co, I ¥ co,|aLict - 2Li + 1, Electricity
Local . -
| vt Li,C04 + C1, >
~o-—®*|service . o
center 2LiC1 + €0, +1/2 02 Oxygen
L1'2C03 2L + CO2 + 1/2 02
L1‘2(:03

FIGURE 7.—An automotive system involves recycling of Liy,COy4
(O’'Connell and others, 1974).

automobiles used in the U.S. will have electrical propul-
sion systems. Table 8 includes estimates from several
sources (Kalhammer, 1974; Nelson and others, 1974;
Harvey and Menchen, 1974). These suggest that the
penetration of the conventional automobile market by
such vehicles will be gradual. By the year 2000, electric
vehicles are expected to comprise 12 to 16 percent of all
automobiles.

Electric vehicles require considerable design study in
addition to development of an adequate battery. Lower
cost electric motors are necessary, lighter weight vehicles
are desirable, and reliable and inexpensive electronic
controls must be devised. Much new servicing equip-
ment must be introduced also. These problems are not
major ones, however. Vehicle design will vary in detail
and complexity depending on the type of battery.

TABLE 8.—Projected effect of electric vehicles on the automotive industry

1975 1985 1990 2000
Auto population
(millions) _______________ 92 126 134 151
Estimated electric vehicle
population (millions) ____._..._._______ 0 0.2-1 1.8-5 18-25
Percent of electric
vehicles ______ . ________________ 0 0.1-.8 1.3-3.7 12-16

TaBLE 7.—Performance specifications for dual battery hybrids
[Assumptions: Propulsion energy and power requirements for 97 km/h cruise: 169 Wh/km and 40 kW for 0-97 km/h acceleration in 25 sec. Propulsion requirements based on the repre-
sentative vehicle: curb weight, 910 kg: battery weight, one-quarter of vehicle weight; aerodynamic drag coefficient, 0.4; rolling resistance (constant), 137 nt; frontal area, 1.86m?*;

dnive train efhciency, 75 percent]

Specific

Battery Specific power Power Range— .
weight energy (average) (peak) at 97 km/h Mileage use
Vehicle power (kg) (Wh/kg) (W/kg) kW) (km) (percent)
Hybrid (secondary with
32-km range):
Primary %attety’ ________________ 146 370 110 16 320 45
Secondary battery® _______.______ 81 67 200 24 32 55
Effeetive total .~ ________________ 297 262 70 40 350 100
Hybrid (secondary with
80-km range)
Primary battery! ________________ 146 370 110 16 320 25
Secondary battery' ______________ 81 167 200 24 80 75
Effective total __________________ 227 297 70 40 400 100

'Alone.
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LITHIUM REQUIREMENTS OF ELECTRICAL
VEHICLES POWERED WITH
LITHIUM-WATER-AIR BATTERIES

A total of 7.2 kg of lithium is required for a subcom-
pact vehicle with a range of 320 km. For every battery in
use, an equivalent amount of lithium will be in process.
Thus, for each vehicle in use, about 14.4 kg of lithium
are needed. A better estimate of the requiremet would
be 13 to 17 kg per vehicle, because the actual designs
may cause the requirements to change. Taking all vehi-
cles into account and using the projections from table 8,
we can arrive at the following estimate:

Number of
electric vehicles Lithuum requared
Year (million) (tonnes)
1985 0.2-1 2,600~ 17,000
2000 ________________ 18 -25 234,000-425,000

It is estimated that by the year 2000, 36,000 tonnes of
lithium will be produced annually. Estimates of antici-
pated cumulative production of lithium in the U.S. to
the year 2000 are on the order of 400,000 tonnes (Vine,
written commun. Feb. 1975; Borg and O’Connell,
1976). This supply is adequate to meet the demand for
lithium in glass, ceramics, aluminum, fluxes, greases,
etc., but clearly, any additional demand, such as exten-
sive use of lithium in automotive batteries or in a fledg-
ling controlled thermonuclear reactor industry, will tax
existing reserves and resources which are on the order
of 320,000 and 830,000 tonnes respectively (Vine, writ-

ten commun., July 1, 1975). The supply of lithium
would have to be increased to accommodate these newly
emerging technologies.

FEASIBILITY OF THE
LITHIUM-WATER-AIR BATTERY

At this point, the lithium-water-air battery, as part of
an automobile propulsion system, is in a developmental
stage. The exact nature of the air cathode is still open,
and the required utilization of lithium might be reduced
to about 5 kg per 320 km. Alternate electrolytes may
prove more advantageous. Alternative ways of control-
ling lithium hydroxide concentration may be feasible.
The behavior of lithium anodes in the aqueous electro-
lyte batteries must be explored. In addition, vehicle de-
sign options must be investigated so as best to accom-
modate the specific features of the battery, and the
required servicing and fuel distribution system must be
investigated. The economical reprocessing of the
lithium carbonate is also crucial to successful employ-
ment of the battery. The total cost per vehicular
kilometre must be assessed carefully and compared to
the systems involving other battery types or types of
fuel. Lastly, the availability of lithium must be critically
examined. We do not want to create in the year 2000 an
analogue to the present oil crisis. Much remains to be
done, but it is clear that the lithium-water-air battery
shows great promise as part of the transportation system
of the future.

NN

FUSION POWER AND THE
POTENTIAL LITHIUM REQUIREMENT

By S. LockE BOGART,
U.S. ENErRGY RESEARCH and DEVELOPMENT ADMINISTRATION, WASHINGTON, DC

INTRODUCTION

Thermonuclear fusion is regarded by most people as
one of the attractive long-range solutions for the Na-
tion’s and the world’s energy supply problem because of
its major advantages:

1. Effectively infinite fuel supply at low cost (<<1 mill/
kwhr)

Inherent safety, no runaway

No chemical combustion products

Relatively low radioactivity and attendant hazards

No emergency core-cooling problem

No use of weapons grade materials so no diversion
possibility

S Lk B

7. Flexibility to site plants near load centers, possibly
even in urban areas

Fusion is the process by which the nuclei of light ele-
ments are forced to combine and form new light ele-
ments with a net yield of significant quantities of energy
per reaction. Fusion compares with fission in the sense
that the fission process is the conversion of heavy nuclei
to nuclei of intermediate weights with comparable re-
leases of energy. Thus, the fundamental distinctions be-
tween fusion and fission are the nature of the fuels, the
nature of the reaction products, and the mechanisms by
which the two processes are made to occur. In this
paper, I will restrict the scope to the fusion process and
one of the basic fuels for first generation reactors.
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The first generation fusion reactors will be based on
the deuterium-tritium (D-T) reaction, within the
deuterium-lithium fuel cycle. This choice results simply
from the fact that the D-T reaction will be easiest to
achieve given what is felt as achievable physics and en-
gineering in the next three to four decades. The
deuterium resource is affectively infinite, being found in
one part in 6,500 in water. Commercial lithium is ob-
tained from pegmatite ore and specific brines in large
but not unlimited quantities. Lithium also is found in
seawater, but present availability of this element has not
required utilization of this source.

The lithium requirement for different fusion reactor
concepts is strongly design dependent. When lithium is
used both as a breeder and a coolant in either the metal-
lic or the salt form, the inventories are very high. In
alternative solid breeder concepts the lithium require-
ments is much smaller, but this lithium must be enriched
in the isotope lithium-6, and a neutron multiplying ele-
ment also must be used. Because of the high burnup
rate in solid breeder concepts, periodic refueling must
be performed which will affect the annual net lithium
requirement. This is not the case in liquid lithium
breeder/coolant concepts which have such a high initial
inventory of lithium-6 that the small fractional burnup
per year does not mandate periodic refueling.

In the balance of this paper, these concepts will be
developed more fully. The basic properties of the fusion
process will be described, and the requirements for this
process will be related to the potential lithium demand.
An energy supply scenario will be developed which in-
cludes fusion as part of the mix. The lithium require-
ment for a developing fusion reactor economy will be
presented.

THE CONTROLLED THERMONUCLEAR
FUSION PROCESS

The fusion of light nuclei (deuterium and tritium)
with the subsequent release of energy results from forc-
ing the nuclei together, thus overcoming the coulombic
barrier, to form a compound nucleus which spontane-
ously decays to stable products. The energy released is
simply the energy equivalence of the difference between
the mass of the fuels and the mass of the products, a
fundamental result of the expression E =mc?. To achieve
significant reaction rates, the temperature of the reac-
tants must be very high (about 100 million degrees Kel-
vin) and they must be confined away from surfaces
which would cool them. The last. restriction basically de-
fines the two types of confinement methods presently
being investigated.

The Division of Controlled Thermonuclear Research
focuses on magnetic confinement. In this method, the
reactants which are highly ionized are confined by

magnetic fields which are kept away from the walls of
the reactor vessel. This satisfies two conditions: reducing
the energy flow from the fuels to the wall and confining
the fuels for a sufficiently long time to allow a significant
number of energy releasing reactions to occur. The
technical definition of this condition is called the Lawson
criterion, which prescribes the plasma requirements for
net energy release from the reaction. Figure 8 illustrates
the Lawson operating regime. An alternative to fusion
by magnetic confinement is fusion by inertial confine-
ment, which is a process being sponsored by the Division
of Military Applications in the U.S. Energy and Re-
search Development Administration. In this concept, a
small particle of fusionable fuel is imploded by the ir-
radiation of either laser light or relativistic electron or
proton beams. The Lawson criterion also must be
obeyed in this concept, but energy loss to the reactor
vessel is not as important.

Fundamental to either approach using deuterium and
tritium as the basic fuel is the necessity to breed the
tritium in a lithium blanket surrounding the reactor ves-
sel. First, however, some background information of the
basic fuel cycle must be presented. The fusion of a
deuterium and tritium atom results in a helium nucleus
and a neutron as the products (see fig. 9). The energy
release from this reaction is 17.6 MeV with 3.5 MeV
being carried away by the helium nucleus and 14.1 MeV
being carried away by the neutron. The helium nucleus,
being charged, is confined by the magnetic field and
subsequently heats incoming fuel to keep the reaction
going. The neutron, however, is not charged, and it
rapidly escapes the magnetic field and enters the blanket
region. lnelastic scattering with blanket material con-
verts the kinetic energy of the neutron to thermal
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FiGure 9.—Deuterium-tritium reaction.

energy which is removed by the coolant for the conver-
sion to electricity.

Now comes the part critical to the deuterium-tritium
fusion reaction concept. To regenerate sufficient
amounts of tritium to maintain the fuel cycle, the neu-
tron must be absorbed by either a lithium-6 or a
lithium-7 atom. By proper blanket design, the sum of
these reactions will result in the net production of more
than one tritium atom per fusion event. As it turns out,
the lithium-6 reaction predominates in all concepts, and
it is this reaction that provides the bulk of the tritium
fuel. However, the lithium-7 reaction is required to
achieve a breeding ratio of greater than 1 providing
other neutron multipliers such as beryllium are not
used. To avoid this increase in blanket design complex-
ity, very thick liquid lithium blankets have been pro-
posed (fig. 10). Unfortunately, large quantities of natu-
ral lithium must be provided for this concept. If one is
willing to accept the complexities introduced by neutron
multipliers in the blanket, then lithium in the enriched
form of lithium-6 can be used which significantly re-
duces the quantity of lithium required (fig. 11). The
choice of either of these two concepts cannot be made at
this time simply because the basis for such a decision is
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Ficure 10.—Liquid lithium blanket design for a fusion reactor.

not yet developed. However as we shall see, the choice of
either blanket concept strongly effects the quantities of
lithium required in given fusion reactor design.

FUSION POWER DEVELOPMENT PLAN

Let us look at the four basic approaches to fusion
power reactors. The Division of Controlled Thermonu-
clear Research presently studies the theta-pinch, the
mirror, and the tokamak concepts (fig. 12). Both the
theta-pinch and the mirror approaches are regarded as
backup to the tokamak approach, so I will focus on the
latter as being typical of what might be a commercial
fusion power reactor after the turn of the century. Fig-
ure 13 is an artist’s rendering of such a plant. Since the
inertial confinement concept is not part of my program
I will not discuss it at all, but mention that the laser
fusion reactor is equally as probable as a tokamak fusion

reactor.
The development of tokamak fusion reactors is

planned such that a demonstration commercial fusion
power plant will be built before the turn of the century.
Figure 14 presents the current plan to achieve this goal.
The first major fusion facility designed to burn deuterium
and tritium will be the Tokamak Fusion Test Reactor
presently planned to operate in the 1980-1981 time
frame. This is a plasma physics experiment which will
release significant quantities of thermonuclear power
but will be incapable of producing any net electrical
power. The subsequent experiment is called the first
Experimental Power Reactor. This machine will operate
in the 1986-1988 interval and probably will be capable
of producing net electric power from the fusion process.
It probably will not be a complete fusion power reactor
in the sense that it is not likely that tritium will be bred in
sufficient quantities to maintain the fuel cycle equilib-
rium. The provision for fueleycle equilibrium may add
unnecessary complexity which could compromise the
design goal for the machine. However, the second ex-
perimental power reactor, presently planned for opera-
tion in the 1990-1991 time frame, would be a miniature
fusion power electric plant. This machine would dem-
onstrate the technologies of all future fusion power
reactors but would not provide the basis from which
vendors and utilities could assess the economic viability
of the concept. The last experimental power reactor, the
Demonstration Fusion Power Plant (DEMO), would op-
erate before the end of the century and would provide
the basis for an economic assessment of the viability of
fusion power as an alternative to other energy supply
options that may exist at that time. The DEMO will be a
small scale commercial fusion power plant.

Of course the development schedule presented above
depends upon the solution to a number of significant
technical problems that have been identified at this time.
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than a factor of 10 larger for the liquid lithium
breeder/coolant concept (fig. 17).

For the liquid breeder/coolant concept, the cumula-
tive inventory lithium requirement reaches 7 x 108 kg by
the year 2030 in the Massive Shift case. This quantity
corresponds to currently reported estimates of between
5x108 and 109 kg of economically recoverable domestic
reserves. For the more conservative Base Case, the de-
mand could exceed the reported reserves by the year
2040, even before the first plant, operating in 2007, was
retired. In both cases, the potential cumulative natural
lithium requirement for a fusion reactor economy is
compared against what presently is regarded as the eco-
nomically recoverable reserves. Experience shows that
as one is willing to spend more for feedstock, more
feedstock becomes available. Consequently, the demand
posed by liquid lithium coolant/blanket concepts may
only serve to increase the lithium supply at a higher, but
yet to be quantified, cost.

The solid breeder concepts for both the high and low
tails cases are far less demanding on the lithium supply.
Furthermore, there does not seem to be a significant
advantage to operate at the very low tails fraction of 0.3
percent. This result is placed in even greater perspective
by the fact that most of the lithium is returned to the
marketplace after the lithium-6 has been removed. For
example, with a tails fraction of 2.5 percent Li-6, 94.38
percent of the calculated lithium demand is returned to
the marketplace. This compares with only a modest de-
crease to 92.06 percent if the tails fraction was reduced
by a factor more than eight to 0.3 percent. It is evident
that only if lithium separative work were to be very
cheap or if lithium were to be very expensive would
there be an incentive to maintaining a low tails fraction.

CONCLUSIONS

Fusion power reactors may place a significant demand
on what presently is thought to be the economically re-
coverable reserves of lithium if lithium is used for reac-
tor cooling in addition to tritium breeding. The en-
riched solid breeder concept is far less demanding on
the domestic lithium resource since much less feed is
required and most of the feed is returned to the mar-
ketplace after the Li-6 isotope is removed. However, the
solid breeder concept has a neutron deficit which must
be made up by using neutron multipliers such as beryl-
lium. Other multipliers exist but all, including beryl-
lium, have potential technological or resource limita-
tions. It is premature to select either the breeder/coolant
or solid breeder concept as the most likely candidate for
fusion reactors. Furthermore, there may exist attractive

alternatives which lie within the lithium demand ex-
tremes represented by those two concepts.

The lithium supply should be more than adequate to
meet the long term needs of fusion power. Even if the
cost of lithium rises to many times its present level, utili-
zation of lower grades of lithium bearing materials, in-
cluding seawater, appears economic. A paper to be pre-
sented later in this symposium will indicate that the cost
of lithium extracted from the oceans is only three to
four times the present market price. This mild rise in
cost is well within allowable limits for fusion power reac-
tors.

Since the question of fuel resources is so fundamental
to all energy supply options, we will continue to study
the implications of blanket choices on lithium demand.
However, with respect to fusion, it is premature to em-
bark on programs to increase the supply or to stockpile
material. Fusion power reactors are too far in the future
to warrant the expenditure of present funds for these
purposes given the current domestic lithium resource
estimates.

Our real needs at this time lie in two areas. First, is an
assessment of the total domestic and world supply of
lithium as a function of both its cost and availability.
Second, and perhaps more important, is a coordinated
study of the different potential demands for lithium and
how they will be met.

REFERENCES

Borg, 1. Y., and O’Connell, L. G., 1976, Lithium’s role in supply
energy in the future energy sources: Energy Sources, v. 2, no. 4
(in press).

Halberstadt, H. J., 1973, The Lockheed Power Cell: Proceedings of
Intersociety Engineering and Energy Conference, Detroit, Michi-
gan, Soc. Automotive Engineers, Paper No. 739008, p. 63-66.

Harvey, D. E., and Menchen, W. R., 1974, The Automobile—Energy
and the Environment: Columbia, Md., Hittman Associates Inc.,
159 p.

Kalhammer, F., 1974, Energy Storage—Incentives and prospect for its
development: Electric Power Research Institute, Palo Alto, Calif.,
Report presented to Am. Chem. Soc. (Adantic City, Sept. 12,
1974), 19 p.

Motor Vehicle Manufacturers Association, 1973-74, Automotive Facts
and Figures: Detroit, Michigan, p. 37.

Nelson, P. A,, Chilenskas, A. A., and Steunenberg, R. K., 1974, The
need for development of high energy batteries for electric au-
tomobiles: Argonne National Laboratory, Report ANL-8075,
24 p.

O'Conn};II, L. G., Rubin, B, Behrin, E., Borg, 1. Y., Cooper, J. F., and
Wiesner, H. J., 1974, The lithium-water-air battery—A new con-
cept for automotive propulsion: Lawrence Livermore Laboratory
Report UCRL-51811, 36 p.

Ragone, D. V., 1968, Review of battery systems for electrically pow-
ered vehicles: Detroit, Michigan, Soc. Automotive Engineers,
Paper No. 680453, 8 p.

T ——



22

LITHIUM RESOURCES AND REQUIREMENTS BY THE YEAR 2000

U.S. LITHIUM SUPPLY AND DEMAND AND THE PROBLEMS
INVOLVED IN COMPILING STATISTICS

By HiraMm B. Woop, U.S. Bureau oF MiNEs, WasHINGTON, DC

ABSTRACT

The United States has the reserves and the capability to more than
satisfy all current domestic demands for lithium products. For the
1970-75 period, U.S. exports of lithium averaged about 21 percent of
U.S. production. The U.S. is the largest exporter of lithium chemicals,
exceeding Russia for the past 3 years. Currently, only three U.S. com-
panies are producers of primary lithium products. The total 1974 U.S.
published annual production capacity was about 4,500 metric tonnes
(5,000 tons) of contained lithium. For the 1970-74 period, U.S. pro-
duction ranged from 65-70 percent of world estimated production.
Predicting the future demand for lithium products requires predict-
ing the future growth of the many industries that use lithium prod-
ucts. For the 1970-74 period, the industry grew at the rate of 6 per-
cent per year. Because of the current worldwide industrial slump, the
1975 growth was much lower, and a conservative growth rate of 5
percent annually is predicted through 1980. But a breakthrough, such
as in nuclear fusion or lithium batteries, could by 1980 double the
1975 demand. The compilation of dependable statistics has been
hampered by the lack of standard terminology, by difficulties with
surveys, and by some reluctance on the part of private companies to
reveal their production.

The United States and the world in general have the
lithium reserves and the capabilities to supply demands
at the current growth rate at least through this century.
The 1975 world production and/or demand was about
6,300 tonnes (6,900 tons) of contained lithjum. During
the 1970-74 period, the United States exported about
20 percent of its production, and U.S. exports equaled
about 14 percent of world production. For the same
period, the U.S. accounted for 65 to 70 percent of world
production.

Throughout the world, in the 1972-74 period, de-
mand for lithium carbonate by the aluminum and
ceramic industries increased notably. Demand for
lithium hydroxide also continued strong. Demand de-
creased during the last quarter of 1975 making 1975
production about the same as 1974. Details on world
trade of lithium compounds are available from trade
tables published by the major industrial countries. Most
of these countries, including West Germany, Italy, and
France, import both raw mineral concentrate and
lithium compounds and then export a variety of lithium
chemicals and lithium metal. Only the United States and
Russia are known to produce lithium mineral concen-
trate and to support significant quantities of lithium
compounds and lithium metal.

Until 1965, the largest producer and exporter of min-
eral concentrate, mostly petalite, was Rhodesia. At that
time the United Nations applied trade restrictions to
that country, and since then export figures for Rhodesia

have been obscured. On the Bureau of Mines world
production tables, it was assumed that Rhodesia had
continued to mine at the same rate of about 860 metric
tonnes (950 tons) of contained lithium in mineral con-
centrates as in 1965. Based on verbal information, how-
ever, their production decreased greatly in 1974 and
1975.

There are only three U.S. producers of lithium, and
two of these have been responsible for 98 percent of
domestic output; consequently, the U.S. Bureau of
Mines cannot publish domestic production figures re-
ceived from these companies. However, the Bureau can
use production capacity data which have been published
either in company reports or in trade magazines, and it
can publish U.S. Census Bureau export and import
figures. From these data, we have prepared table 12.

All figures in table 12 are shown as tons of contained
lithium. Three classes of marketable material are pre-
sented. As previously explained, lithium mineral
production figures for the United States, which were
reported to the U.S. Bureau of Mines as spodumene
flotation concentrate containing 5 to 6.8 percent lithium
oxide, are not shown. They have been small and erratic.
Imports, which are mostly lepidolite, have been small.

The production of lithium compounds and metal
represent published figures. These figures of estimated
production capacity, consumption, and exports were
compiled from different sources. The United States
production estimates published by Lithium Corporation
of America (LCA) and by the Canadian Department of
Energy indicate an 8 percent annual growth rate. The
estimate by Roskill Information Service for only a 3-year
period indicates only a 4 percent growth rate. These
estimates appear to be realistic, considering U.S. indus-
try demands and exports, but the production tonnage
estimates for 1972 through 1974 are notably different.
From these figures, it is apparent that the United States
production for 1974 and 1975 was between 4,200 and
4,600 tonnes (4,600 and 5,100 tons) of lithium.

The sale by the U.S. General Services Administration
(GSA) of lithium hydroxide monohydrate from excess
stocks is listed to show how much of this material has
been made available to industry. These were published
sales with the material going to the highest bidder
whether a U.S. or a foreign country. All of this lithium
hydroxide monohydrate came from USAEC (now U.S.
Energy Research and Development Administration,
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TaBLE 12.—U.S. salient lithium statistics
[Lithium content in short tons (tonnes in parentheses)]

23

1970 1971 1972 1973 1974 €1975
Lithium mineral concentrate:
Shipments:
Chemical and ceramic grade ____._______._._______ w w w w w w
EXPOTtS ool eleiiliiilaceceemmmeen s 66 81 38
60) (73) (34)
Imports* 63 128 36 170 88 NA
57 (116) 33 (154) (80)
Lithium compounds and metal marketed:
Production est. Lithcoa®________ . ___._.._._____ 2,444 2,820 3,008 3.290 NA NA
(2,217 (2,558) (2,729) (2,985)
Production est. Canadian®______________________________ 3,200 3,200 3,600 4,280 £4,700 5,170
(2,903) (2,903) (3,266) (3.,883) (4,264) (4,690)
Production est. Roskill® ________________________________ A A 5,120 ,450 5,82 NA
(4,645) (4.924) (5,280)
Exports of metal and compounds® ._________________________ 747 516 5038 805 894 €850
(678) (468) (456) (730) (811) 771)
Lithium hydroxide (LiOH- H20):
Exports! . 113 39 91 86 99 NA
(103) (35) (83) (78) (90)
General Services Admin.
Excesssales ______________________________________ None None None 157 433 6
(142) (393) (55)
Priceperpound ___._____________._____________.._ __.___ .. . $0.65 $0.87 $0.95
Inventory, Dec. 31 .. 1,071 1,071 1,071 914 482 420
(972 (972) (972) (829) 437) (381)
Yearend prices:
Spodumene mineral concentrate, per ton . ..____.._ NA NA $80 $88 $107 $130
Lithium carbonate, per pound._._______ $0.52 $0.54 $0.55 $0.58 $0.78 $0.80
Lithium metal, per pound_______.__________.___________ $8.17 $8.17 $8.43 $8.58 $9.38 $11.30

eEstimate; W, withheld; NA, not applicable.
'U.S. Census Bureau and Roskill Information Service.
2Source: Roskill Information Service, p- 30

*Source: Roskill Information Service. Production by Canadian Department of Energy and Resources, p. 30, 1974-75 projections by USBM; Exports of Metal and Compounds, p. 9:

Production estimate by Roskill, p. 32.

ERDA) stockpiles and was devoid of the isotope,
lithium-6. A recent published report stated that ERDA
has in stock about 36 million kg (80 million pounds) of
lithium hydroxide monohydrate.

For those who are not familiar with the prices of the
major lithium products, table 12 lists the approximate
yearend price for spodumene mineral concentrate,
lithium carbonate, and lithium metal from the Chemical
Marketing Reporter. The price of lithium mineral con-
centrate increased more than 60 percent in the past 4
years, and lithium carbonate increased more than 45
percent.

The estimated world capacity, by country, and total
estimated world production from 1970 through 1975
are shown on table 13. The tonnage estimates compiled
by the U.S. Bureau of Mines may disagree notably from
the world consumption estimates by Luckenback and
from the production estimates by the Canadian De-
partment of Energy and Mines as shown on the bottom
two lines. The totals do not include GSA stockpile sales,
but they do include tonnages of similar lithium hydrox-
ide monohydrate, also devoid of isotope lithium-6,
which were exported from the USSR. The U.S. Bureau
of Mines world production figures indicate, for the
1970-74 period, a 6 percent annual growth. The esti-
mated world production capacity figures for the same
period indicate a 9.4 percent annual growth, and Luc-
kenbach’s figures for the same period indicate a 10.5
percent annual growth.

Table 13 shows that the United States, Russia,
Rhodesia, Brazil, and South Africa have been and still
are the major mineral producing countries. Although

weere does not appear to be much difference between
the estimated production and the estimated production
capacity, the important implication shown is that, if
necessary, world production can in 1 or 2 years be in-
creased 25 to 30 percent. Beyond that, new mines would
have to be opened and new beneficiation and chemical
plants built. The most significant production increases
can most readily come from the United States, Canada,
Rhodesia, Russia, Southern Africa, and Brazil. In time
and with proper demand, new production may be
realized in Chile and Zaire. The Zairetain mining com-
pany recently announced plans to build a $4 million
spodumene concentrator at Manono.

Table 14 is included to show world trade for lithium.
The exports from the United States, Russia, West Ger-
many, and some other countries were derived from pub-
lished trade statistics and show shipments mostly to
western European countries and to Japan. This table
shows West Germany as both a major importer and ex-
porter, but they are not a primary ore producer. Trade
data on the United Kingdom and Canada should be
included in this table, but 1974 trade books from these
countries had not arrived. This table does not show all
world trade shipments, but it is probably 85 to 90 per-
cent complete.

In general, current market conditions and future
predictions are favorable.

Although the 1970-74 growth rate averaged 6 per-
cent per year, it dropped to about 2 percent in 1975,
and unless industry rebounds notably in 1976, the
growth this year will not be much better. However, any
good growth in any one of the major consuming indus-
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TasLE 13.— Estimated maximum world producuvn cabacity of lithium contained in mineral concentrate or brine solutions
[Short tons (tonnes 1n paremheses)]

1970 1971 1972 1973 1974 e1975
United States . ______ ... 3,600 4,000 4,500 5.000 5,200 5,500
(3,266) (3,629) (4.082) (4,536) 4,717) (4,990)
Argenting _ ... 5 5 5 10 10 10
(4.5) 4.5) (4.5) 9 9 [€))
Australia . 20 40 40 40 30 30
18 (36) (36) (36) 27) 27)
Brazil . 60 120 150 150 150 150
(54) (109) (136) (136) {136) (136)
Canada ________________________ . 40 40 40 90 90 100
(36) (36) (36) (82) (82) ©on
Mozambique . ______________________ . 10 10 20 20 20 10
9) 9 (18) (18) (18) (9)
Portugal ... 10 20 25 40 40 10
9 (18) 23) (36) (36) ()]
South Rhodesia ... 950 950 950 950 950 950
(862) (862) (862) (862) (862) (862)
South Africa, Republic of, and Southwest Africa _____._______ 100 250 250 250 300 300
91 227) (227 (227) (272) (272)
U.S.S R, . 700 1,500 1,500 1,800 1,800 2,000
(635) (1,361) (1,361) (1,633) (1,633) (1.814)
Total world capacity 5,495 5,935 7.480 8,350 8,590 9,060
(4,985) (5.384) (6.786) (7,575) (7,793) (8,219)
Total world production® ________ .. 5,100 5,300 5,900 6,500 6,800 6,900
(4.627) (4,808) (5,352) (5.897) (6,169) (6,260)
Total world consumption W. F. Luckenbach® __________ 3,055 2,886 3,478 4,653 5,020 NA
(2,771) (2,618) (3,155) (4,221) (4,554)
World lithium production® __________________________ 5,060 5,290 5,842 6,532 NA NA
(4,590) (4,799) (5,300) (5,926)
eEstimated; NA, not applicable.
'U.S. Bureau of Mines.
Source: Mining Journal, Mining Annual Review (1975, p. 112).
3Canadian Department of Energy Mines and Resources.
TaBLE 14.—World trade
[Imports of lithium compounds and lithium metal as short tons of contained lithium (tonnes in parentheses)]
Exporting countries
Other
US.A. U.S.S.R West Germany countries Total
I ti
countriest 1973 1974 1973 1974 1973 1974 1973 1974 1973 1974
Belgium and Luxemborg .- 2 13 33 56 12 - 60 56
(1.8) (11.8) (30) (51) (10.8) (54) (51
France _.—o o oo 75 77 59 36 91 70 [ 29 225 212
(68) (69) (54) (33) (83 (64) (26) (204) (192)
Tealy oo 1 3 ———- [, 68 55 47 19 126 7
(10) (2.7) (62) (50) (43) a7n (114) (70)
Japan . ... 301 375 305 302 i e - 7 60 684
(273) (340) 277) (274) (6.4) (550) (621)
Netherlands .____________ 3 11 R 4 24 26 —— 1 27 42
2.7 (10) (3.6) (22) (24) 0.9 (24) (38)
West Germany ______.____ 322 327 264 104 - R 72 41 658 472
(292) (297) (239) 94) (65) 37 597) (428)
Other countries® _________ 111 115 NA NA 119 78 NA NA 230 193
(10on (104) (108) (71) (209) (175)
Total____________ 825 908 641 446 335 285 131 97 1,932 1,736
(748) (824) (582) (405) (304) (259) (119) (88) (1,753) (1,575)
€750 550
(680) (499)

eestimated; NA, not applicable.

!'Data from trade tables of respective importing countries, exclusive of United Kingdom.

*Data from West German export tables.

2U.S. exports of lithium hydroxide to other countries were estimated, based on partial data.
tries will certainly reflect a proportional increase in
lithium demand. When one tries to predict the future
demand for lithium and its seemingly unlimited number
of compounds, one also has to predict the future growth
for such industries as the aluminum, ceramic, glass,

rubber, refrigeration, nonferrous alloys, industrial

machinery, and organic chemicals, and also the unpre-
dictable potential demand for automobile batteries, for
nuclear fusion reactors, and the switching to absorption
refrigeration to avoid use of fluorocarbons. A 5 percent
per annum growth over the next 5 years is a conserva-
tive but practical estimate. Increased use of lithium car-
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bonate by aluminum companies who currently do not
use lithium carbonate to improve the thermal stability
and electrical conductivity of their potlines will account
for most of this growth. Undoubtedly, this is why Foote
Mineral Company is building a new carbonate plant at
Kings Mountain and why LCA, in their 1974 annual
report, discussed plans to increase their output 50 per-
cent. Without a scientific breakthrough, the conservative
5 percent annual growth would easily require by 1980 at
least an additional 1,180 tonnes (1,300 tons) of lithium
or 6.35 million kg (14 million pounds) of lithium carbo-
nate. A higher growth rate for the European nations
and Japan is anticipated because more severe energy
shortages could force them to use more lithium carbo-
nate in their aluminum smelting potlines.

In view of the present embryo state of the lithium
industry, I think a U.S. demand of about 5,700 tonnes
(6,300 tons) and a world demand of 9,070 tonnes
(10,000 tons) of lithium by 1980 is reasonable. However,
a breakthrough in any of the potential fields just men-
tioned could triple the growth rate to 15 percent annu-
ally. If the growth should increase 15 percent annually
by 1980, U.S. and world production would have to dou-
ble to 9,100 and 12,700 tonnes (10,000 and 14,000 tons)
annually.

A warning on overenthusiasm in predicting future
growth should be given because even if there is a break-
through in 1976 or 1977, the consuming industry could
not tool up and make the changes necessary to demand
this much more lithium by 1980.

Terminology is one of the worst problems involved in
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compiling U.S. and world lithium statistics because
production may be reported as lithium ore, lithium
mineral concentrate, or lithium compounds. Often the
lithium or lithium oxide content of the ore or concen-
trate is not given. If the kind of lithium mineral concen-
trate, such as spodumene, petalite, lepidolite, or
amblygonite is listed, a fair estimate of the lithium con-
tent may be made. But in the international trade books,
which list foreign shipments, lithium assays are seldom
recorded. For years, the U.S. Bureau of Mines, in the
producers canvass survey, has asked for shipments of
lithium minerals, but seldom did the producers list the
lithium oxide assays. In 1975, a new survey form was
designed to be more specific. Also, in the U.S. Census
tabulations, only the lithium hydroxide monohydrate is
listed separately. All of the other lithium compounds are
grouped under a blanket category which may include
lithium amide, borate, bromide, chloride, carbonate,
fluoride, and so forth. Also, the producing companies,
in their annual reports or in trade magazines, report
capacity and sometimes U.S. production as lithium car-
bonate equivalent. Usually, the lithium carbonate equiv-
alent includes only the lithium compounds, some 30 or
more that are produced commercially, and lithium
metal. These estimates may or may not include the
lithium mineral concentrate produced. Only the lithium
companies can standardize their terminology and per-
mit their output figures to be published; however, with
only two significant, competitive companies in the in-
dustry, there are understandable reasons for their
reluctance.

T —

THE LITHIUM INDUSTRY

By GERALD J. ORAZEM,
LiTHiuM CORPORATION OF AMERICA, GasTONIA, NC

ABSTRACT

The image of the lithium industry in the past has been clouded by
lack of information available to the industrial world. The industry
consists of several ore producers and marketers, but only three major
basic producers of lithium chemicals; Lithium Corporation of
America, Foote Mineral Company, and the USSR. The USSR exports
to the Free World, but their supply is unpredictable in any one year.
Their exports consist mostly of chemicals depleted in the lithium-6
isotope, a byproduct of their atomic energy program. Foote Mineral
extracts lithium from brines at Silver Peak, Nev., and Lithium Corp.
from spodumene concentrates in North Carolina. A minor producer is
Kerr-McGee Chemical Company at Trona, Calif. Besides the basic
producers, there are several converters, the most important of which

are Metallgesellschaft in West Germany and Honjo Chemical in Japan.
The major lithium chemicals are carbonate for use in ceramics and the
aluminum industry, hydroxide in the grease industry, bromide and
chloride in air conditioning, hypochlorite in sanitation, metal in
pharmaceuticals, and butyllithium in synthetic rubber.

The Free World demand for lithium chemicals, based on carbonate
equivalents, was about 21 million kg in 1974 and 17 million kg in 1975.
The United States capacity for lithium chemicals was 20 million kg in
1975.

The largest potential in the next 5 years for lithium demand is the
aluminum industry. The lithium battery is not expected to have a
major impact on the lithium industry until the early 1980’s.

o ——
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LITHIUM RESOURCES—PROSPECTS FOR THE FUTURE

By Inor A. Kunasz, FooTe MiNnEraL CoMPAaNY, ExTON, PA

ABSTRACT

The future of the lithium industry will be controlled by the demands
for lithium ores, chemicals, and metal. The ability of the lithium indus-
try to meet any large future commitment must be appraised not only
in terms of reserves, which are based on economic and legal extracta-
bility at the present time, but also in terms of identified resources,
which represent sources economically and legally extractable at some
time in the future. The point in time at which they will become re-
serves will be determined by the rate of lithium demand.

Consequently, all important identified resources must be considered
if an accurate representation of the potential of the lithium industry is
to be made. These resources are:

Tin-Spodumene Belt, North Carolina, U.S.A.
Clayton Valley, Nevada, U.S.A.

Bikita Tinfields, Rhodesia

Preissac-Lacorne District, Quebec, Canada
Bernic Lake District, Manitoba, Canada
Great Salt Lake, Utah, U.S.A.

Salar de Atacama, Chile

Manono-Kitotolo District, Zaire

These represent producing districts, districts with past or planned
production, and districts with large identified resources. An evaluation
of these deposits and the probability of discovery of additional re-
sources in existing districts suggest that lithium resources will support
the needs of the lithium industry for several decades.

INTRODUCTION

In reviewing the recent activity in the field of lithium,
it appears that a great deal of attention has been devoted
to it. In addition to last year’s edition of Industrial Min-
erals and Rocks, lithium has been reviewed by Norton in
U.S. Geologic Survey Professional Paper 820 in 1973, by
Industrial Minerals of London in 1974, by Roskill In-
formation Services of London in 1975, as well as by
members of the newly created Lithium Exploration
Group of the U.S. Geologic Survey. To these one must
add the regular annual reviews prepared by the U.S.
Bureau of Mines, the Engineering and Mining Journal,
Mining Engineering, and Mining Journal. This surge in
interest can be attributed to the anticipated potential of
lithium in battery and possibly in thermonuclear power
development. The continued interest in this fascinating
element was amply demonstrated by the impressive at-
tendance at this symposium.

RESERVES AND RESOURCES

The contents of the publications reveal two opposing
viewpoints. Some maintain that resources are suffi-
ciently large to satisfy future demands. Others suggest a
serious forthcoming shortage by the end of the decade
because of the large quantities of lithium predicted for
battery and thermonuclear power development.

This disparity of opinion is not unusual or surprising.
It is the result of a grave concern over the dependence
of our economy on the imports of a significant number
of strategic mineral commodities. This has led to a
reevaluation of our mineral industry on the basis of a
new reserve concept (McKelvey, 1973). This concept has
been used by the U.S. Geological Survey in the recent
evaluation of the lithium industry (Vine, 1975). In addi-
tion to a reserve evaluation, attempts to “estimate”
probabile lithium yields to be expected from the industry
by the year 2000 have also been made. The “estimates”
constitute the basis for a shortage prediction by some
people.

While recognizing the validity of the reserve concept
as it is proposed and applied to the evaluation of the
lithium industry at the present time, one must neverthe-
less exercise great caution in using reserves (and even
more, probable yields) to predict the ability of the
lithium industry to fulfill future commitments, such as
the battery or thermonuclear power. Such commitments
are based on tenuous data. A contradiction seems ap-
parent. Since reserves are defined on the basis of pre-
sent steady state technological and economic conditions,
they can only validly predict a steady state future. De-
mands resulting from battery and thermonuclear power
development will create unsteady state conditions which
may alter existing technological and economic condi-
tions. For this reason, the future of the lithium industry
cannot be precisely, nor validly, predicted on the basis of
today’s reserves.

This point can be illustrated by lithium’s past history
(fig. 18). Following World War II, the lithium industry
experienced a period of slow growth consistent with
commercial demand. In the few years which preceded
the Atomic Energy Commission (AEC) program, the in-
dustry did not have the capacity necessary to meet the
AEC requirements. And yet, within the amazingly short
period of 24 months, Foote Mineral Company, Lithium
Corporationn of America, and American Potash and
Chemicals Corp. were able to meet this excessive de-
mand. Clearly, had the lithium industry been evaluated
on the basis of reserves and of “probable yields,” the
results could not have justified the initiation of an AEC
program. In fact, economic parameters had changed
drastically, and resources became reserves practically
overnight.

While the industry was able to fulfill its commitment
by increasing its capacity, the latter caused its downfall
as well. From 1955 to 1960, commercial demand for
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Ficure 18.—History of lithium production in the United States. 4,
Use (during World War II) of large quantities of lithium hydride to
inflate rescue apparatus, and in the development of multipurpose
lithium greases. B, Lithium purchase program of the U.S. Atomic
Energy Commission.

lithium had only doubled, while the industry was faced
with a 500 percent overcapacity. Plants operated at
about 20 percent of their installed capacity, and the
lithium industry experienced a period of economic de-
pression.

In order to determine the ability of the lithium indus-
try to meet future requirements, a comprehensive study
of the lithium industry must be made. It is proposed
that a valid evaluation can only be made on the basis of
identified resources and not on the basis of reserves.

IDENTIFIED RESOURCES

An evaluation of identified resources reveals that in
addition to existing producing districts, there are several
areas around the world which must be included in a
proper evaluation of the lithium industry. These areas
contain identified resources (conditional resources)
which could justify chemical processing centers in the
future. The following paragraphs review existing and
potential districts in the United States, Canada, Africa
and South America.

TIN-SPODUMENE BELT, NORTH CAROLINA, U.S.A.

As stated by Kunasz (1975), the tin-spodumene belt of
North Carolina constitutes the largest developed reserve
of spodumene in the world. Following a short period of
mining activity during World War II, Foote Mineral

Company began the mining of spodumene in 1951. In
the 1960’s, Lithium Corporation of America opened up
its own mine some 5 miles northwest of its Bessemer
City, North Carolina plant. Although Foote Mineral
Company also produces significant quantities of lithium
carbonate from its Silver Peak brine operation in
Clayton Valley, Nev., the tin-spodumene district consti-
tutes the most important source of lithium in the world
today.

In 1959, when Foote Mineral Company completed its
drilling program over the main portion of its ore body, a
total resource of about 36,000,000 tons of pegmatite was
reported (Kesler, 1960). In the following 16 years, sev-
eral million tons of ore have been mined out.

The pegmatite belt is known to extend through the
remaining portion of the Foote property—its resource
potential essentially unknown. As a result of a recent
modest drilling program, a resource of 38,000,000 tons
has been identified over approximately one-half of the
Foote property. Resources on the remaining half of the
property are still unknown but will be identified in the
next few years. Drilling increased the pegmatite re-
sources by a full 20 percent, not only replacing the
mined out ore, but adding several million tons of a new
resource.

Lithium Corporation of America has more than dou-
bled its reserves from 13.6 million tons grading 1.4 per-
cent LisO to 30.5 million tons grading 1.5 percent LigO.
A preliminary mining plan indicates that 27.5 million
tons are recoverable by open pit mining methods. The
outlined pegmatite remains open downdip (Evans,
1976).

Under an extensive exploration program which
would take place under conditions of increased lithium
demand, the probability of discovery of considerable
additional reserves and resources is considered high.

CLAYTON VALLEY, NEVADA, U.S.A.

A benchmark in the history of lithium has been the
discovery of this element in the brine of Clayton Valley,
Nev. The uniqueness of this brine deposit lies in the fact
that lithium is a primary, and not a co- or by-product.

The resources of Clayton Valley have been a subject
of controversy and need to be clarified. As pointed out
by Norton (1973), the large resources previously re-
ported also included lithium contained in Tertiary and
Quaternary lacustrine sediments present in the valley.
In the last edition of AIME’s Industrial Minerals and
Rocks, an updated resource figure was reported
(Kunasz, 1975). The new figure of 775,000 tons as Li
includes only that amount calculated to be contained in
the brine body. In addition, a yield of 44,500 tons of Li
as recoverable product was estimated under present
economic and technological conditions. This is only a
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small fraction of the resource present in Clayton Valley.
Favorable technological and economic conditions will
increase the yield since weaker and deeper hypothetical
brine resources are not being exploited or included in
published data.

The yield estimate for Clayton Valley has been re-
cently misinterpreted by Vine (1975) in a paper entitled
“Are Lithium Resources Adequate for Energy Self-
Sufficiency?” Using the published yield of 44,500 tons Li
and assuming a 50 percent recovery factor, Vine calcu-
lated and reported lithium resources at 90,000 tons, in-
stead of the 775,000 tons reported by Kunasz (1975). In
a similar evaluation of the tin-spodumene belt, a proba-
ble yield of 680,000 tons as Li is reported. In this case,
however, even hypothetical resources have been in-
cluded in the estimation of the yield. Clearly, the yield
from a hypothetical source can only be zero. An artificial
set of numbers has thus been generated and used to
predict the potential of the lithium industry. The valid-
ity of such an evaluation is questionable and, more im-
portantly perhaps, is misleading.

GREAT SALT LAKE, UTAH, U.S.A.

The Great Salt Lake constitutes a considerable re-
source of lithium. The importance and the reality of this
source was well demonstrated when the Gulf Resources
Corp. announced production plans. However, since the
production of lithium is tied to the production of other
salts such as potassium sulfate, sodium sulfate, mag-
nesium chloride, contractual difficulties resulted in a
postponement of the project.

Total resources in the Great Salt Lake have been re-
estimated at 526,000 tons as Li (Whelan, 1976). The
quantity of lithium which can be extracted from this
body of brine is restricted by the production levels of
primary salts and by the efficiency of the extractive
technology. An agreement with the State requires Gulf
Resources Corp. to return all waste salt streams back to
the lake. This eliminates waste disposal problems and
results in a more subdued alteration of the brine salinity
of the lake.

CANADA

In Canada, there are two significant sources of lithium
raw materials. One is located in the Preissac-Lacorne
area of Quebec and the other in the Bernic Lake area of
Manitoba.

In the Preissac-Lacorne region, several pegmatites
occur in an area approximately 8,000 feet long and
2,000 feet wide. The identified resources have been cal-
culated at 15,000,000 tons, carrying 1.2 percent Li;O
(Mulligan, 1965). In 1955, the Quebec Lithium Division
of the Sullivan Mining Group estimated their resources
to last 45 years at current production rates. The prop-

erty is developed with an underground mine, a mill, and
a chemical plant. Its operational capacity is 1,000 tons of
ore per day with a rated capacity of 2,000 tons per day.
Although inactive at the present time, the company did
operate for a number of years when it supplied the
Lithium Corporation of America’s North Carolina
chemical plant. Following completion of the AEC con-
tract, Quebec Lithium operated at reduced levels until
1965. The overcapacity in the lithium industry created
by the 5 year noncommercial demand by the AEC,
forced the closure of the operation.

In Manitoba, Tanco began the exploitation of a com-
plex zoned pegmatite which probably constitutes the
world’s richest tantalum and cesium mine. The pegma-
tite contains an uncommonly rich spodumene zone
which averages almost 3 percent LiyO. A previously un-
known spodumene zone has been intercepted beneath
the main spodumene ore body by exploratory drilling
(Pearse, 1973). The resources of this new body are un-
known. Resources for the main spodumene ore body
are reported at 5,000,000 tons.

In 1972, Tanco undertook a pilot plant study to
evaluate the possibility of spodumene production. No
significant commercial production has yet been
achieved, as this company has been plagued by a
number of financial problems. In 1974, Kawecki-
Berylco Industries bought a 24.9 percent interest. In
addition to their cesium and rubidium interest,
Kawecki-Berylco plans the production of about
10,000,000 Ib of lithium carbonate and about 15,000
tons of spodumene concentrates per year (Pearse,
1973). Production is scheduled to begin in 1977.

BIKITA TINFIELDS, RHODESIA

The Bikita ore body became important in the 1950’s
as a result of the AEC program. In order to partially
satisfy the needs of the program, American Potash and
Chemicals processed Bikita lepidolite in Texas.

Although United Nations sanctions have been im-
posed on Rhodesian trade, eliminating an important
source of petalite for the U.S. ceramic industry, Rhode-
sian ores are still mined and sold.

Resources have been reported at about 6,000,000 tons
(Symons, 1961) with an average composite grade of 2.9
percent Li,O. The pegmatites contain petalite,
spodumene, lepidolite, and eucryptite. This appears to
be a deposit similar to Bernic Lake in Manitoba. A chem-
ical processing plant is, therefore. not inconceivable.

ZAIRE

The pegmatites of Manono and Kitotolo were dis-
covered in 1910. Exploitation for cassiterite and tanta-
lite began in 1929 when the Belgian company,
Geomines, undertook the project.
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A report by Barzin, Managing Director of Geomines,
states that the pegmatites are both 5.5 km long and
average 400 metres wide (Barzin, 1952). The pegmatite
sills have been proven to a depth of 125 metres by drill-
ing. A calculation using these dimensions shows that re-
scurces are enormous. Barzin reports, however, that up
to 50 metres are kaolinized and altered. On the other
hand, exploratory drilling ended in pegmatite, indicat-
ing the presence of additional resources. Over the years,
low cost mining of cassiterite and tantalite has been
achieved from the upper decomposed layer. The peg-
matites of Manono and Kitotolo probably represent the
largest spodumene resource in the world. However,
they have necver constituted reserves because of their
remote location in south-central Africa. The tin and
columbium production is exported via the Angolan port
of Lobito, located some 2,000 km away. Nevertheless,
this deposit must be included in an appraisal of the fu-
ture of lithium. In fact, the government of Zaire must
think so, because plans for the production of lithium
carbonate have been officially announced. The docu-
ment states that Zaire will become the third producer of
lithium carbonate in the world. Zairetain (50 percent
government controlled) is planning a production of
10,000,000 1b of lithium carbonate per year beginning
in 1980.

SALAR DE ATACAMA, CHILE

The latest development in the field of lithium has
been the announcement by the Chilean government of
the discovery of a large brine field containing unusually
high lithium values. The statement indicated concentra-
tions of 2,000 ppm Li and resources on the order of
1,200,000 tons of lithium, presumably as Li.

In January 1975, Foote Mineral Company entered
into a contract with the Chilean government and has
since undertaken a program of geological, hydrological,
and chemical research in order to assess the feasibility
of producing lithium chemicals from the brines of the
Salar. The Chilean government is also interested in re-
covering potash in order to develop its fertilizer
industry.

The geology of the Salar de Atacama and of the sur-
rounding areas has been described in several publica-
tions (Dingman, 1967; Chong, 1971; Moraga and
others, 1974; Stoertz and Ericksen, 1974). The Salar has
been interpreted as a graben (Frutos, 1972), bounded
on the east by the Andean Cordillera and on the western
side by the Cordillera de la Sal, a structural block which
consists of evaporites including halite.

The Salar lies at an elevation of 7,500 feet. The south-
ern portion consists of a halite nucleus which occupies
an area of 1,400 km?. The surface of the nucleus is very
rugged, and the halite occurs as razor-sharp jagged
ridges. The area is extremely arid. Several streams drain
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into the Salar. The largest of these is the Rio San Pedro
which enters the basin from the north. Although the
resources reported by the government have not yet been
verified, the work Foote has done to date supports their
earlier claim.

CONCLUSIONS

The deposits which have been described do not con-
stitute hypothetical resources of lithium. These are all
reserves or conditional resources.

Today, lithium chemicals are produced in North
Carolina (Kings Mountain and Bessemer City); in Vir-
ginia (Sunbright); Silver Peak, Nevada; Exton, Pennsyl-
vania; New Johsonville, Tennessee; and Searles Lake,
California. Under favorable economic conditions, one
may expect production from Quebec and from new cen-
ters such as Manitoba, Utah, Rhodesia, Chile, and Zaire.

An evaluation of the resources held in all these de-
posits yields a total of 4,100,000 tons as Li. If we assume
as little as 15 percent recovery from these resources,
there is 617,000 tons of Li available (table 15).

If only existing and actually announced capacity is
considered, an annual production rate of 90,000,000 1b
lithium carbonate may be reached by 1980. This repre-
sents 9,000 tons as Li. If we assume a consumption of
200 kg of Li per one thousand MW(e) (Mills, 1975), a
500,000 MW(e) capacity would require 100 tons of met-
al. This corresponds to the total 1970 U.S. electric
power consumption. In addition, approximately
100,000 tons of metal will be needed in the reactor blan-
ket. The projected industrial capacity could supply this
quantity in 11 years. Obviously, the lithium industry will
not devote 100 percent of its capacity for this exclusive
use. However, since such a thermonuclear power capac-
ity is predicted for the year 2020, the industry would
have ample time to expand if and when this use ap-
peared likely. The projected capacity suggests that
commercial as well as thermonuclear power and battery
requirement can be met by the lithium industry.

As a final comment, one must again ask the question
of the fate of the lithium industry after the peak de-

TABLE 15.—Major identified resources of the world

Short tons Li Production Reference
Tin-spodumene Belt,
North Carolina, U.S.A ______ 473,000 Activeo . _____.__ Kunasz (1975);
Evans (1976).
Clayton Valley,

Nevada, US.A ______________ 775,000 ceedo . Kunasz (1975).
Great Salt Lake,

Utah, US.A ___ ... 526,000 Planned _____._______ Whelan (1976).
Preissac-Lacorne,

Queber Canada ____________ 84,000 Temporarily Pearse (1973).

inactive.
Bernic Lake,

Manitoba, Canada _._._______ 69,000 Announced _..____. Pearse (1973).
Bikita, Rhodesia _.__ - 81,000 Active..__ - Symons (1961).
Atacama, Chile______._________ 1,200,000+ Possible ________.___
Manono, Zaire ________________ 1,000,000+ Announced ____ ... oo ___

Total . 4,208,000+
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mand for batteries and thermonuclear power has been
met. A hasty increase in capacity installed to meet a
projected demand based on tenuous data may have
harmful consequences. Existing data suggests that re-
sources are sufficiently large to satisfy projected higher
lithium demands in the future. The existing and an-
nounced capacity of the industry are likely to satisfy the
demands for a considerable number of years.
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LITHIUM ORES

By R. KEiTH Evans, GULF RESOURCES & CHEMICAL CORPORATION,
Houston, TX

ABSTRACT

Chemical differences and commercial advantages of the principal
lithium ore minerals—spodumene, petalite, lepidolite, eucryptite, and
amblygonite—are described. Ores and concentrates of these minerals
are used directly in specialty glasses, glass ceramics, porcelain enamels,
fritted glasses, raw glazes, ceramics (whitewares), and refractories.
These lithium minerals can also be used in the production of lithium
chemicals and lithium metal. The quality requirements for these uses
are not as stringent as they are for “direct usage” ores.

An estimate of the demand for “direct usage” lithium ores under
conditions of normal trading suggests a probable demand between 3.2
and 4.5 million kg (7-10 million pounds) of lithium carbonate equiva-
lent. The inherent uncertainties in making this estimate are discussed.
Potential consumption of “direct usage” lithium ores would constitute
a significant percentage of the total Free World lithium production if
such ores were more readily available.

LITHIUM MINERALS

Although lithium occurs in a variety of minerals,
those of principal economic interest are spodumene,
petalite, lepidolite and, to a much lesser extent,
amblygonite and eucryptite. In the future, lithium-
containing clays could assume some economic signifi-
cance, but neither clays nor lithium-containing brines
fall within the scope of this short paper.

In terms of volume usage, spodumene is much the
most important mineral; it constitutes the feed to the
western world’s current and proposed major lithium
chemical plants. In addition, it meets a high percentage
of the current demand for “direct use” ore, or concen-
trate for the manufacture of glasses and similar prod-
ucts. The current bulk of sales for this purpose is as
low-iron (about 0.1 percent Fe,Og) concentrates grading
between 6 and 7 percent LisO; historically significant
tonnages of a quartz-spodumene intergrowth similar in
chemical composition to petalite and grading about 4.5
percent Li,O have been sold, both for direct usage and
chemical manufacture.

Prior to the imposition of the United Nations sanc-
tions against Rhodesia, petalite grading approximately
4.3 percent LigO and 0.03 percent Fe;O5 was the prin-
cipal lithium mineral used in the glass and related
industries. New deposits have been brought into pro-
duction, stimulated by the virtual absence of Rhodesian
ore, but these have either been smaller and of poorer
quality than the source they have sought to replace or
have lacked the consistency of the grade of Rhodesian
material.
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In most applications petalite and spodumene of com-
parable iron’content can be substituted for one another.
The silica/alumina ratios are different, but in the case of
glass manufacture, for example, these can be balanced
by the volume of other additives. This interchangeabil-
ity, however, is only true in cases of total melting; peta-
lite behaves in a more refractory manner than spod-
umene with no volume change accompanying its con-
version from an alpha to beta phase and is the preferred
lithium mineral in strictly ceramic applications. The
more refractory nature of petalite makes it a marginally
less attractive feed for chemical production. Following
phase conversion, petalite retains a strong resistance to
the fine grinding which is a normal prerequisite for effi-
cient acid attack, whereas the phase change in spod-
umene coincides with decrepitation.

In the bulk of nonchemical uses the choice between
the use of spodumene and petalite is dictated by the
price of each per lithia unit and by the relative concen-
trations of deleterious constituents. The latter vary with
end use, but the key ones are iron, soda, and potash.

Lepidolite differs from the two other major minerals
in that it contains significant percentages (2-4 percent)
of both fluorine and rubidia. The added fluxing powers
of these make the ore an attractive one for certain glass
and porcelain enamel compositions. Until recently
lepidolite was the preferred source of lithia for a high
percentage of the world’s monochromatic television
tube glass.

Although known high grade sources are rare, ade-
quate flotation capacity exists to produce upgraded
acceptable concentrates (3.8—4.3 percent Li;O) to meet a
declining demand due to the increased concerns regard-
ing fluorine emissions. Lepidolite was the ore feed for
large scale lithium hydroxide production in the United
States in the 1950’s.

Bikita, Rhodesia, is the only known source of eco-
nomic tonnages of eucryptite where it is a co-product
from the mineral assemblage there. The mineral in its
alpha form has no current unique commercial applica-
tion. Amblygonite rarely occurs in large tonnages but
because of its high lithia content (8 percent Li,O) is gen-
erally saleable for use, particularly, in certain porcelain
enamel formulations. Amblygonite is the feed for small
scale chemical production in Brazil.

DIRECT USAGE ORES

Apart from the production of lithium chemicals and
metal, the principal current uses of lithium ores are in
glasses, glass ceramics, porcelain enamels, fritted glazes,
raw glazes, ceramics (whitewares), and refractories.

Glasses are formed when mixtures of inorganic sub-
stances are melted and subsequently cooled in a manner
which usually prevents crystallization. The main ingre-

dient is normally silica sand but, to reduce the melting
temperature to an economically acceptable level, an al-
kali flux is added. This flux is normally in the form of
soda ash; lime is added as a stabilizer. These soda-lime-
silica glasses constitute the bulk of the world’s glass
output.

Small amounts of alumina, magnesia, boric oxide, and
other chemicals are added to impart specific properties
in response to market demands. Each glass is a com-
promise with soda being the principal source of alkali
because of its cost, inspite of the fact that its use intro-
duces many undesirable qualities.

Although lithium results in the lowest increase in un-
desirable qualities, the difference in price and the toler-
ance of these in normal applications generally restricts
its use to specialized glasses.

Specific advantages of lithia additions include the fol-
lowing: viscosity reductions; reduced melting tempera-
tures; the reduction in the thermal expansion of the
glass; increased density resulting in good electrical
properties and high chemical durability; increased sur-
face hardness; and other improvements which cannot
be commented upon with brevity.

The use of lithia in container glasses is limited and
generally restricted to those few low-tonnage types that
require a high thermal shock resistance. Glass lenses
subject to rapid temperature fluctuations, such as many
sealed beam headlight glasses and borosilicate opal
glasses, contain lithia.

High-barium monochromatic television tube produc-
tion results in a major demand for lithium ores, princi-
pally as a melting aid. Similarly in much foam glass
production, lithium is utilized as a replacement for
other potentially polluting additives. There is increasing
usage of lithium in the glass fiber industry. Lithium is
added to the glass batch for the production of large
telescopic mirrors to help the glass withstand a pro-
longed annealing process. It is also added to a wide
variety of other low tonnage glasses, where one or more
of the unique properties of lithium are necessary.

Glass ceramics are nonporous crystalline materials de-
rived from noncrystalline glass containing nucleating
agents. When reheated under very careful control, the
nuclei act as centers of crystal growth. Many formula-
tions have been devised, but the most commercially im-
portant are those for end products requiring a high
thermal shock resistance. These are produced in
Europe, the United States, and Japan and the resulting
demand for lithium is substantial. Originally the de-
mand was almost exclusively for high quality ores. The
shortage of good grade ores coupled with increasing
quality demands, especially in respect to low potash and
soda contents, has resulted in a partial replacement of
ore by lithium chemicals, particularly lithium carbonate.
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Vitreous or porcelain enamels are essentially fritted
glasses that are fused to metals for decoration and cor-
rosion resistance. Properties attributable to the use of
lithia in glasses apply equally to enamels; lithia is a
common constituent in a wide range of formulae.

A high percentage of domestic United States’ lithium
demand for these applications is as lithium carbonate.
This is because the large volume formulae are low in
alumina, and the addition of lithia as ore minerals re-
sults in a significant and intolerable alumina addition.
Elsewhere, low-alumina enamels are less common; pro-
viding the ore is of acceptable purity, the choice of the
lithia source is based on the relative costs of ore and
carbonate.

Glazes in general vary in type from “raw” to fully
fritted, with composition differences from enamels
which generally allow longer firing times. With increas-
ing pressure against the use of lead oxides in glazes,
there is a continuing increase in lithium usage because
of its low fusion point and low viscosity, to provide bril-
liance, luster, and smoothness. In terms of tonnage,
lithium ore usage is greatest in glazes on low expansion
ceramic bodies.

The benefits of adding lithia to ceramic (whiteware)
bodies to allow rapid firing have been well publicized.
Apart from some low volume specialized ceramics,
usage is small, except in Japan where large tonnages of
petalite are used in inexpensive ovenware.

There appears to be a great potential for lithium ore
usage in the ceramics industry for domestic and indus-
trial use. In the domestic field, technical problems exist
in producing glazes with coefficients of thermal expan-
sion to match the very low thermal expansion ceramic
bodies possible with the use of petalite.

Finally, a moderate amount of lithium ore is used in
some refractories and kiln furniture.

ORES AS CHEMICAL PLANT FEED

All of the principal lithium minerals are, or have
been, used as feedstock for lithium chemical production
in the United States (spodumene, petalite, and lepido-
lite), Canada (spodumene), Brazil (amblygonite), Eng-
land (petalite and eucryptite), West Germany (petalite
and spodumene principally), Italy (spodumene and
spodumene-quartz intergrowth), and Japan (petalite).

The remaining operations in other countries are
small, while others have been abandoned completely as
uneconomic. The closures, in part reflect the cyclical
nature of the industry in its earlier years, but also dem-
onstrate the generally inherent uncompetitiveness of

lithium chemical plants located away from their ore
sources.

Even the theoretical maxima of lithia contents in the
common minerals are low. Pure spodumene grades a
theoretical 8 percent LisO; 7 percent material is produc-
ible if one is prepared to sacrifice recovery, but optimisa-
tion of recovery and grade generally results in the pro-
duction of chemical feed concentrates grading between
5 percent and 6.5 percent LiO. Petalite and lepidolite
normally grade between 3.5 percent and 4.5 percent
LiyO, and this cannot be improved upon.

Quality requirements for chemical feed are not as
stringent as for direct usage ores. Iron content is not a
major concern, but other elements such as soluble
alumina, phosphates, fluorine, and particularly mag-
nesium result in complicated processing requirements
and higher costs.

DEMAND

Approximate lithium ore requirements for lithium
chemical production can be translated back from pub-
lished chemical production statistics by making reason-
able assumptions regarding recoveries in milling and
processing.

Direct usage ore demand is more difficult to estimate
because nearly 90 percent of the Free World’s supply
originated from a source that is no longer open to the
major consuming hations.

There are uncertainties concerning the decline in ore
demand in certain key consumption areas such as (1)
monochromatic television tubes and enamels, (2) the
problem of more stringent specifications for certain
high technology products resulting in an increasing de-
mand for lithia as a chemical rather than an ore, (3)
problems concerning fluorine emissions resulting from
lepidolite usage, and (4) others which may be offset by
increased ceramic demand. Finally there is the question
of the relative prices per lithia unit of ores and lithium
chemicals.

My personal opinion is that in normal trading condi-
tions current lithium ore demand for uses other than
chemical production would amount to between 8,000
and 12,000 tonnes/year for lepidolite (on a 4 percent
LioO basis) and between 40,000 and 50,000 tonnes/year
for petalite or spodumene if reduced to a common 4
percent LiyO basis. These are approximately equivalent
to lithium carbonate demands of between 3.2 and 4.5
million kg (7.0-10.0 million pounds) a year and, thus,
represent a significant percentage of total current
lithium demand.

\_/\
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LITHIUM PRODUCTION FROM SEARLES VALLEY

By Larry E. RYKKEN,
KeERR-McGEE CHEMICAL CORPORATION, TRONA, CA

ABSTRACT

Lithium occurs in Searles Lake brine, which is processed primarily
for other minerals. A portion of this lithium is recovered as a crude
concentrate in a two-stage foam-flotation process. This concentrate
(dilithium sodium phosphate) is then converted to a relatively pure
lithium carbonate by digestion using sulfuric acid and conversion
using sodium carbonate.

INTRODUCTION

Lithium in the form of lithium carbonate is produced
as a byproduct of the Trona, Calif., Plant main-plant-
cycle process. In this process, a dry-lake brine, pumped
from permeable salt beds, is essentially evaporated to
dryness in triple-effect evaporator units. Potash (KC1),
borax (NayB,O;' 10Hy0), salt cake (NagSOy), and soda
ash (NagCOg3) are recovered by a series of fractional
crystallizations in a cyclic process. Lithium in the torm of
dilithium sodium phosphate (Li;,NaPOy) is separated
from a process stream by foam flotation. This separation
is part of the refinement process for the production of
salt cake and soda ash in the soda products section of the
main plant cycle. The hthium values in the dilithium
sodium phosphate are then converted to a refined
lithium carbonate (LiyCOj) product, while the phos-
phate values are converted to a 78-percent-crude or-
thophosphoric acid (H3POy4). Annual production is ap-
proximately 153,000 kg as lithium (900 tons/year of
lithium carbonate), which represents recovery of ap-
proximately one-third of the lithium contained in the
brine fed to the main plant cycle.

DEVELOPMENT

The first attempts to remove part of the lithium-
bearing slimes from the soda-products liquors were
prompted by the problems they presented in processing
(foaming of liquors, poor filtration, product contamina-
tion) rather than by their potential sales value. The re-
covery of lithium concentrates (licons in plant terminol-
ogy) was started in 1936 by processing the foam from a
process vessel on a campaign basis. Liquor was drained
from the tank, water added, and the slurry circulated
several hours through a line in which steam was injected
to remove entrained air. The wet licons were removed
on a Sweetland filter press, washed with water, partially
air-dried, scraped from the press leaves, and hauled to
drying plates, where the material was sun-dried for a
week or two and them sacked for shipment.

Only minor improvements in this process occurred
until May 1942, when the Federal War Production
Board issued an urgent request to triple the lithium
tonnage. An intensified research and development pro-
gram was inaugurated, which resulted in the design and
construction of a commercial-scale flotation plant in
1943. The original plant has undergone considerable
revision since then, although the air-flotation principle
has been retained.

The dried licons were sold until late 1951 when the
lithium carbonate plant in Trona began operation. This
plant was plagued by heavy tarlike gums, which formed
when the licons were digested with sulfuric acid. This
problem resulted in the addition, in 1954, of a Her-
reshoff furnace for burning off the organic material
from the licons. The last major addition was a second-
stage flotation unit in 1956; only minor refinements to
the process have been made since then.

FLOTATION-PROCESS DESCRIPTION

The Searles Lake brine contains from 0.007 percent
to 0.008 percent lithium (~0.015 percent LiyO). Most of
the lithium-bearing salt is precipitated in the main-
plant-cycle evaporators and accompanies the burkeites
through the classification and dewatering steps. The
burkeites are double salts of sodium sulfate and sodium
carbonate, which constitute the feed to the soda prod-
ucts section. After further processing a burkeite filter
cake is dissolved in water, leaving the relatively insoluble
lithium-bearing solids in suspension. The exact molecu-
lar structure of the lithium salts is in question, but the
constituents closely conform to the formula LixNaPO4
or dilithium sodium phosphate. It is relatively insoluble
in neutral or basic water solutions, but very soluble in
even slightly acidic solutions.

The lithium-plant flotation process uses soap as a flo-
tation agent. The soaps are derived from coconut-oil
fatty acids, which are added to the alkaline liquors at the
main-plant-cycle evaporators. The fatty acids serve an
addidonal function as foam-control agents in the
evaporators. The sodium soaps of the fatty acids are
believed to coat the near-colloid licon particles, making
them relatively insoluble. Residence time is minimized
between the solution of the lithium-containing burkeite
and the flotation because the amount of dissolved
lithium increases with time. The best recovery is ob-
tained from a near-saturated solution of burkeite at a
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temperature just above the crystallization temperature
of glauber salt (~80°F). Water addition at the burkeite
dissolver is controlled by the density of the liquor leav-
ing the dissolver. The dissolver liquor is cooled by pass-
ing it through two induced-draft spray-cooling towers.

Flotation is carried out in two stages, with air added at
both feed-pump suctions. The air is compressed by a
pressure-controlled surge chamber at the discharge of
each feed pump. Release of pressure in the flotation
units results in the formation of a multitude of tiny air
bubbles, which collect the soap-coated licon particles
and float them to the surface.

The first-stage flotation takes place in four 10,000-
gallon (37,850-1)-capacity tanks. The tanks contain an
inner cone-bottomed tank. The liquor is released
tangentially along the bottom of the outer tank, rises
through the annular space surrounding the inner tank,
and then sinks downward in the inner tank. The lithium
froth overflows the lip of the outer tank into a foam
trough, and the liquor is discharged from the bottom of
the inner cone-bottomed tank. Liquor levels are au-
tomatically controlled and maintained within 2-3 inches
(5-7.6 cm) of the top.

The second stage consists of an industrial pneumatic
foam separator. The aerated feed liquor (discharge
from first stage) is released inside a hooded skirt in the
center of the unit: it spreads to the outer wall, then
down and under the wall and up through risers to dis-
charge into a circular launder. Lithium froth forms on
the surface and is removed by a sweep. Additional foam
is obtained from a sweep on the surface of one of the
soda-products process tanks, which is kept at a constant
liquor level.

The foam is collected in tanks where it is agitated and
heated to break down the foam. The lithium salt is fil-
tered from the foam-storage tanks in a batch process
using two Sweetland filter presses. The cake is washed,
dried with an air-stream mixture, and removed into
hoppers. Conveyor belts carry it to the licons roaster,
where the organics are removed by roasting and bleach-
ing with sodium nitrate in a six-hearth, gas-fired Her-
reshoff furnace.

LITHIUM-CARBONATE PROCESS

In early 1945, work was started on the production of a
comparatively pure salt of lithium in place of the crude
lithium concentrates. Several possibilities were investi-
gated, but a process for the production of lithium car-
bonate was finally decided upon. The availability of
sodium carbonate as an in-house product for the con-
version and the marketability of the carbonate form of
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lithium were factors in this decision. Actual production
did not begin until 1951.

In the lithium-carbonate process, the licons are first
digested with concentrated (93 percent) sulfuric acid.
The digestion reaction may be represented as:

2 LiyNaPO,+3HySO,4—2 Li, SO4+NaySO4+2H PO,

This reaction is accomplished in a 6,000-gallon (22,710-
) tank equipped with a top-entering agitator and a
double-walled inner tank or pachuca. The double-
walled pachuca serves as the heat-exchange surface for
both heating during the digestion of licons and cooling
the batch preparatory to the separation of the precipi-
tated solids. The lithium and sodium sulfates (called
mixed sulfates) are centrifuged from the digester tank,
washed, and dissolved in water. The filtrate is a 45-50
percent orthophosphoric acid solution, which is evapo-
rated down to a 78 percent phosphoric acid solution.
The evaporation reduces the lithium in solution from
about 3 percent as LiyO to less than 1 percent, thus
increasing recovery. After evaporation, the solids
(LisSOy and NaySOy) are settled out and recycled as a
sludge back to the digester.

The dissolved, mixed-sulfate solids are introduced
into a saturated solution of sodium carbonate at a tem-
perature of 200°F. The lithium carbonate has a solubil-
ity of about 0.6 percent as LipO versus about 4 percent
for the lithium sulfate. The lithium carbonate precipi-
tates out according to the reaction

LioSO4(1)+ NayCO4(1)— LiyCO3l +NapSO,(1).

The lithium-carbonate solids are centrifuged out,
washed, dried in a steam-heated rotary-drum air dryer,
and packaged in 50-pound (22.7-kg) sacks and 325-
pound (147-kg) fiber drums for shipment. Lithium re-
covery is increased by treating the end liquor (lithium
carbonate centrifugal filtrate) using dilute phosphoric
acid and evaporating to near —NapSOy saturation. The
phosphate ions cause precipitation of LigPOy as a result
of the decreased solubility of LisPOy4 (<.15 percent Li,O
versus 0.6 percent LigO for Li;COs). The reaction is

3 LigCOs(1)+2 HgPO4(1)—>2 LigPO4l +3 COx1+3 HyO.

The LigPO, solids are settled out and recycled to the
digester. Lithium is also recovered from spillages by
pumping sump liquors back to the end-liquor
evaporator.

“Theoretical” lithium losses are reduced to those dis-
solved in concentrated phosphoric acid and treated end
liquor. Theoretical recovery is 92-94 percent, whereas
actual recovery has averaged about 88 percent.

\_/\
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THE LITHIUM-RESOURCE ENIGMA

By JaMEs D. VINE,
U.S. GeEorocicaL Survey, DExver, CO

ABSTRACT

The identified lithium resources of the United States that may be
recoverable by the year 2000 will probably yield less than one million
tonnes. About a third of this will be used in conventional ways, leaving
about two-thirds for new energy-related uses, including use in bat-
teries for electric vehicles. Exhaustion of our recoverable lithium re-
sources for these uses would limit the development of thermonuclear
power in the early decades of the next century. Depletion of a com-
modity essential to future energy independence can best be prevented
by identifying new resources of lithium. A program of exploration for
new deposits well in advance of the demand would help to assure a
stable price and a steady growth and would be of benefit to the Ameri-
can public as well as the lithium industry. The best chance of finding
new deposits of lithium is in association with nonmarine salt bodies.
Undiscovered resources may exist in other geologic environments that
have not as yet been evaluated. A modest U.S. Geological Survey effort
to search for such deposits shows promise.

THE NEED FOR RESOURCE DATA

Previous estimates of the availability of lithium tend to
be misleading to those who plan to use this rare metal in
alternative energy applications. Reasons for an overly
optimistic outlook are twofold: (1) Geologic estimates of
resources (for example, Norton, 1973) summarize data
on amounts of lithium in the ground without regard to
recoverability and (2) all recently published estimates
are biased by an unrealistic preliminary forecast of
lithium available from one large brine field in Nevada.
Although brine fields account for a large part of the
lithium resource base, they will represent a much small-
er fraction of the identified lithium recoverable by the
year 2000. That is because, in practice, a large part of
the resource base is inaccessible as a result of technical
or other problems. Many of these other problems, in-
cluding economic, political, and environmental restric-
tions, can be as difficult to overcome as any technical
problem.

An accurate forecast of the amount of lithium avail-
able to the market place rather than a measure of the
lithium contained in various inaccessible parts of the
earth is desirable, in order to plan for the effective de-
velopment of lithium batteries for automobiles and for
storage of off-peak power for utility nets. Furthermore,
if the scarcity of the Lig isotope, which is required in the
production of tritium, is a limiting factor in the de-
velopment of controlled thermonuclear power, as sug-
gested by Hubbert (1969, p. 230-233), consideration
should be given to stockpiling this isotope prior to using

the rest of the lithium for batteries and other conven-
tional uses.

Any mineral industry, such as the lithium industry, is
concerned with the quantity of ore that can be profitably
extracted from the ground.! This is the category of re-
sources that we call reserves, and it may represent only a
small fraction of the total resource base. Most companies
will attempt to block out an ore reserve adequate to
supply 5-10 years of mill product, or whatever is re-
quired to amortize the capital investment in mining and
milling facilities. Under the pressure of competition
they may tie up additional mineral leases, but most
companies cannot afford the investment required to
hold leases that they do not anticipate using for a few
years.

Even if available to the government, the proprietary
data on company-held reserves would not be adequate
for long-range government planning. Thus, from the
broader perspective of the long-term economic health
of the nation, various agencies of government may need
data on the total resources of a commodity, including
company-held reserves, identified but subeconomic re-
sources, and the undiscovered resources that may be
predictable on the basis of geologic probability. Rea-
sonably accurate forecasts are required for many differ-
ent uses—from the ranking of national priorities to
military and diplomatic strategy.

REVISED LITHIUM RESOURCES

A classification of lithium resources that includes an
estimate for three main categories of resources, revised
to include information up to February 1976, is shown in
table 16. The categories include (1) identified reserves,
which are economic at today’s prices and technology; (2)
identified low-grade resources, which are not economic
at today’s prices and technology but may become
economic at a higher price or improved technology, and
(3) hypothetical and speculative resources, which will
have to be discovered and developed in order to bring
the cumulative yield by the year 2000 up to 1 million
metric tonnes. All classes show both the “in place” re-
sources, which refers to the amount of lithium that is in
the ground, and the probable yield, which refers to the

'The latest definitions for various categories of reserves and resources can be found in U.S.
Geological Survey Bulletin 1450-A.
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TasLE 16.—Classification of U.S. lithium resources in millions of tonnes of
contained lithium

Esumated
per(em
in recoverable Probable
Sources place by 2000! yield
Reserves (economic)
Kings Mtn,, N.C.2 ______________________ 0.510 35 0.185
Clayton Valley, Nev® ___ .080 50 .040
Searles Lake, Calif* ___ .009 50 .005
T 0.599 0.230
Low-grade resources (subeconomic)
Kings Mtn.,, N.C.2 ______________________ 0.840 25 0.200
Clayton Valley, Nev®_ 625 10 .060
Searles Lake, Calif* _ .027 10 .003
Imperial Vallez, Calif* 1.000 1 .010
Oilfield brines® _____ 1.000 1 0.10
Y4 Great Salt Lake, Utah?_ .263 5 .010
Borate mine waste® _______ - .060 7 .004
Black Hills, S.D.¢ __ . .010 30 .003
Total .o 3.825 0.300
Hypothetical and speculative resources?®
Clays e 0.800 25 0.200
i 1.000 20 200
.350 20 070
2.150 0.470

: various sources, including hearsay.

#In place” reserves estimated for two known ore bodies (Keith Evans and 1hor Kunasz, oral
commun., Jan. 1976). Total resources for the district from Norton (1973, p. 372).

3Calculated from the estimate of recoverable reserves and total resources listed by Kunasz
(1975, p. 796).

“Calculated from Norton (1973, p. 372).

*Extrapolated from two analyses and the geometry of the brine field suggested by White
(1968, p. 312-313).

“Based on analytical data of Collins (1974, p. 16-20). No data on brine volume.

"Estimate by J. D. Whelan (oral commun., Jan. 1976) incorporating recent downward
revision of the volume of brine in the lake by Carol A. Peterson.

SCalculated from data presented by Robert B. Kistler (oral commun., Jan. 1976).

*This amount, in addition to reserves and low-grade resources, must be discovered and
developed to produce a cumulative yield of 1 milhon tonnes in the years 1976 through 2000.

amount of lithium one might expect to be recovered and
made available to the market place. While the in-place
resources are a measured volume of rock times the
grade of ore, the accuracy of which may be good (+10
percent) or poor (x100 percent), the factor of recovera-
bility is not a measurable quantity. Recoverability in-
volves unpredictable economic and technical factors that
can be determined only in practice. Although the accu-
racy of the resulting data may be questioned, the totals
probably represent a reasonable value. For example, a
marked price increase relative to other products and
services could increase the total yield by a factor of 10 or
20 percent, to more than a million tonnes of lithium, but
additional restrictions on the use of land for mining
could reduce the total by an equal or greater amount.
Although the existence of hypothetical and speculative
resources can be predicted on the basis of geologic
probability, the quantities listed here are uncertain and
will be a function of the imagination applied by
geologists and the incentives available for exploration. It
seems reasonable to forecast that the United States will
produce somewhere between 750,000 and one million
tonnes of lithium by the year 2000, but such production
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will require an economic climate that provides incentive
for considerable exploration and development of
lithium in previously unknown deposits.

COMPARISON OF RESOURCES AND
REQUIREMENTS

In the years 1971 through 1974, conventional uses for
lithium grew at an average rate of 8.8 percent, accord-
ing to proprietary data. If this figure is projected into
the future, conventional uses may consume about 3x 10
kg of lithium by the year 2000. Requirements for new
energy-related uses for lithium, including batteries for
electric automobiles, batteries for the off-peak storage
of power for utility nets, absorption-type refrigeration
and air-conditioning units, and controlled thermonu-
clear power plants, are much more difficult to predict.
Requirements for these uses depend on the success of
current technologic research and its acceptance by the
American public. Estimates of these requirements, as
detailed in a previous report (Vine, 1975b) are from 3 to
15x108 kg for battery applications alone. Thermonu-
clear power plants are not expected to require much
lithium before the year 2000 but may need as much as
5% 108 kg by the year 2020.

Thus, about one-third of our presently identified re-
coverable resources will be consumed by conventional
uses by the year 2000. The remaining two-thirds could
easily be spent in battery applications before the year
2000, leaving nothing for thermonuclear power, unless
we start now to search for and develop new deposits.
Failure to identify new resources of lithium may be re-
garded as irresponsible by those of the next generation.

UNDISCOVERED RESOURCES

An appraisal of lithium resources would be incom-
plete without discussion of undiscovered resources,
which include extensions of identified resources in
known districts plus identification of new districts previ-
ously unknown. Whereas the rate of discovery of new
oilfields can be extrapolated from the past history of
exploration and discovery for petroleum, no such rec-
ord of exploration exists for the lithium industry.
Moreover, the number of known districts is too small to
constitute a statistical basis for projection. Even pros-
pecting guides to aid in the exploration for lithium are
minimal. Small lithium-bearing zoned pegmatites, such
as those in the Black Hills of South Dakota, are generally
characterized by large crystals, as much as 1-2 metres in
length; their size makes them easy to recognize and un-
likely to be overlooked when exposed at the surface, but
their irregular distribution makes prediction of covered
pegmatites nearly impossible. Unzoned pegmatites,
such as those in the Kings Mountain tin-spodumene belt



LITHIUM RESOURCES AND REQUIREMENTS BY THE YEAR 2000

of North Carolina, are large features that may extend
for many kilometres; hence they are unlikely to be over-
looked, except in areas of deep weathering or jungle
cover. Thus, the chances of discovering a major new
pegmatite district within the conterminous United
States seem rather poor. The chances of discovering a
new brine field, on the other hand, are relatively good,
because relatively little effort has been devoted to
searching for brines. Furthermore, lithium-rich rocks or
minerals may be associated with nonmarine salt bodies,
volcanic rocks, and vein deposits, none of which have
received more than casual attention with respect to
lithium (Vine, 1975a).

Whereas, by definition, reserves are identifiable, mea-
sured amounts of a commodity, the concept of resources
is abstract in that the values can change with changes in
economics, technology, and geologic understanding.
For example, the possibility of discovering previously
unrecognized lithium resources is very good because
previous exploration was minimal and limited to a few
geologic environments. Hence, a program of explora-
tion for lithium in previously untested geologic envi-
ronments could greatly improve the outlook for lithium
resources.

If the future growth of the lithium industry is de-
pendent on presently identified resources, a considera-
ble price increase in lithium can be predicted, which will
bring today’s subeconomic resources into the category
of economic reserves. However, any marked price in-
crease would seriously limit the economically feasible
uses of lithium, especially in direct consumer products
such as electric automobiles. On the other hand, an ex-
ploration program that appraises previously untested
geologic environments may result in a more optimistic
forecast of resources because of the probability of dis-
covering new deposits. Thus, a program to search for
such deposits could make the difference between rea-
sonably priced electric automobiles and some other
form of personal transportation that might be too ex-
pensive for the average consumer.

Although private industry is capable of conducting a
program of exploration for lithium, little incentive to do
so exists at the present time, because industry has suffi-
cient reserves for the short term and no assurance that
major investments in exploration would ever be re-
turned. Meanwhile, large amounts of money are being
spent to develop new energy-related uses for lithium,
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partly based on the assumption that lithium will be
available at a reasonable price when the manufacturers
are ready to start up production lines. However, if new
resources are not identified and developed well in ad-
vance of this need, any sudden increase in demand will
be met by a spectacular rise in price which will justify
having to mine and mill lower grade lithium ore. A crisis
in demand does not permit the time required to develop
new resources. Moreover, a spectacular price rise would
be self-defeating because less desirable but less expen-
sive substitutes could be found to replace lithium in bat-
teries.

A stable price for lithium would be beneficial to both
the industry and the American public. The best way to
assure both a stable price and a steady growth in the
demand for lithium would be to conduct a program for
the exploration of new deposits well in advance of the
actual increase in demand. A modest program along this
line has already been initiated by the U.S. Geological
Survey and has begun to produce encouraging results.
Those of us involved in this program solicit both the
confidence and encouragement of the lithium-
producing industry as well as the support of the scien-
tists and engineers from national and private labora-
tories who are concerned with the development of new
energy-related uses for lithium.
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LITHIUM RESOURCE ESTIMATES—WHAT DO THEY MEAN?

By JamEs J. NorTON,
U.S. GeorLocicaL SURVEY, DENVER, CO

ABSTRACT

Lithium resources have been poorly known, mainly because there
has been little need for information. The supply of lithium in known
deposits, minable under prevailing conditions, has been far more than
adequate to meet demand. Potential resources are very much larger.

Most of the major mines are in deposits that had been discovered long
before they were developed or were found more or less by chance.
Systematic exploration for new deposits, especially new kinds of de-
posits, has been meager, and thus experience with exploration
techniques is slight.

Anticipated large demand, now centering on lithium for storage
batteries, greatly changes the outlook but can probably be met, though
to justify the costs of exploration and development requires assurance
that the demand will in fact materialize.

Mutual understanding among those who will participate in enlarg-
ing the supply of lithium and those who develop new uses is a neces-
sity. Confidence arising from large resource estimates can be seriously
misplaced; the resources must first be developed and made ready for
market.

The most reliable category of resources consists of the lithium
proved to be recoverable under current conditions from known de-
posits. Almost equally important in an expanding market is lithium in
known deposits that is almost but not quite minable now. The large
expected demand, however, can be met only if new deposits are
found, as they probably can be.

BACKGROUND

The decision to publish the articles in this volume was
triggered by misunderstandings of lithium resource es-
timates, by shortcomings in published statements, by a
tendency to misuse the estimates because of inadequate
comprehension of what underlies them, and by need for
better communication among those who plan future
uses of lithium, those who do the geologic work, and
those who mine or will mine lithium.

An article of mine (Norton, 1973) is at the center of
some of the problems. Many of the users of that article
are not mining engineers or geologists. They have
tended to quote the resource estimates without studying
the text of the article to understand the data on which
the estimates are based.

But I too have been at fault, in that article and in
personal communications, by accepting premature
company announcements of lithium reserve estimates
for Clayton Valley, Nev., which later proved to be too
large and which seriously distorted the total estimated
reserves for the United States. One awkward aspect of
compiling mineral resource estimates is that companies
ordinarily do not reveal the data on which their calcula-
tions are based, and the shortcomings in their an-

nouncements may not be visible even to themselves.

In a generally overlooked paragraph (Norton, 1973,
p. 375), I protested against a tendency to call my lithium
resource estimates conservative in disregard of the fact
that they have been the largest that available data would
allow, but added that any truly large new demand would
cause a search for new deposits and probably still larger
estimates of resources. The conclusion of the paragraph
emphasized the necessity of finding deposits and deter-
mining their lithium content before any large use actu-
ally begins.

Such uses now appear to be forthcoming. Hindsight
shows that my 1973 article was defective in not being
written so as to be more useful to persons not connected
with mining or geology. A particular shortcoming was
the absence of discussion of the outlook for lithium min-
ing under various sets of possible circumstances.

Lithium almost certainly can become in ample supply
to meet even the largest needs now foreseen for the
remainder of this century, but the end of the century is
not far away. The problem of how to bring demand and
supply together at acceptable costs must be understood
by all persons involved or likely to become involved with
lithium.

MINERAL RESOURCE CLASSIFICATION
AND NOMENCLATURE

The word “reserves” is widely misinterpreted as in-
cluding all material expected ever to come to market.
Idiosyncratic usage of the term is not unusual among
mining engineers and geologists, and the published
record contains definitions that are incompatible with
one another.

More rigorously defined, “reserves” include only
material that can be profitably mined, or at least is ex-
pected to be profitable, under present economic and
technologic conditions, and for which considerable in-
formation has been obtained. The drilling, geologic in-
vestigation, chemical analyses, and other work necessary
to outline reserves are ordinarily time consuming and
costly: Reserves may be said to be “bought” rather than
“found,” though at some single point in the process
there is, of course, a discovery and at the same time or a
later time there is a decision that profitable mining is
possible.
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“Resources” is the term used to include all material,
discovered and undiscovered, profitable and now un-
profitable, which seems likely to become a source of a
mineral commodity.

The nature of the various categories of mineral re-
sources has been greatly clarified by what has come to be
known as the McKelvey diagram, a simplified version of
which is shown as figure 18A. This is the basis for the
current U.S. Department of Interior nomenclature and
classification of mineral resources, most recently de-
scribed in comprehensive form by the U.S. Geological
Survey (1975). Among the many other publications dis-
cussing the diagram are McKelvey (1972), Brobst and
Pratt (1973), and Schanz (1975).

Resources may, as a first step, be divided into four
categories: (1) those classified as reserves because they
have already been discovered and can now be worked at
a profit, (2) those yet to be found that would also be
profitable, (3) discovered material of too low quality to
be used, and (4) material that is both undiscovered and
unprofitable.

Reserves is the most important category for the next
few years. The undiscovered but profitable category
generally takes second rank, especially when the time
span is some decades. Yet under special circumstances
the known low-quality deposits can take over the second
or even the first position, as during times of great in-
crease in demand or price, or after a major technologi-
cal change, or when conventional sources are cut off by
war or embargoes. The necessity for speed in mining
may then be too great to allow time to explore. An
example for lithium was the intensive mining in the
1950’s of deposits in granitic pegmatites that previously
had been only moderately attractive. The possibility of
finding nonpegmatitic deposits was already suspected,
but there was no time to look for them. If demand again

Discovered
[Measured| Indicated] Inferred

)

Undiscovered
In known districts [ In undiscovered districts
T

inable ot a profit

T Paremarginal

Not currently minable ot @ profit

Submarginal

INCREASING ECONOMIC FEASIBILITY OF MINING

| | | |
DECREASING GEOLOGIC INFORMATION———>

FicUrRe 18A.—Classification of mineral resources. Modified from
McKelvey (1972, fig. 3).
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increases greatly and if exploration of brines, clays, and
so on is insufficiently intense or is unsuccessful, peg-
matitic deposits will again assume their earlier impor-
tance, despite their probably higher costs of mining.

Industry’s interest is generally in or near the category
represented by the rectangle labeled reserves on figure
18A. Most industry reserve estimates are for single
mines or small groups of mines, chiefly for the purpose
of acquiring the information needed to plan operations
and to keep financial arrangements on a firm footing.
Government has broader and longer term respon-
sibilities, and thus tends to be concerned in considerable
degree with other segments represented by the dia-
gram.

Reserves are customarily divided into smaller
categories on the basis of how much is known about the
position, size, shape, grade (ordinarily expressed as the
percentage of a metal in the deposit), amenability to
processing, and other factors necessary to appraise a
deposit.

In figure 18A, reserves are divided into classes called
measured, indicated, and inferred, following the prac-
tice of the U.S. Department of Interior. The mining
industry prefers the terms “proved,” “probable,” and
“possible” ore (Banfield and Havard, 1975). Measured
and proved are generally agreed to have nearly the
same meaning. They refer to ore that is so well known as
to be ready for development and extraction. Neither the
words “probable” and “indicated” nor “possible” and
“inferred” seem to be equivalent, but the issue does not
need to be discussed here.

A formerly unprofitable deposit is promoted to the
reserve category usually because of higher prices,
technological advances leading to lower costs, or an in-
crease in demand permitting larger scale and hence
more efficient operation. A deposit can also cease to be
profitable and lose its standing as a reserve, as by a de-
crease in price caused by lowered demand.

Many other circumstances can cause a body of ore to
move into or out of the reserve category or even to be a
reserve for one company and not another. Construction
of public highways or railroads-can make mining more
feasible. A deposit can become of value through an op-
portunity for cheap transport of the product in ships;
loss of such an opportunity can return the deposit to
worthlessness. After the gold mine closing order of
World War II, many operators of small gold mines were
unable to keep their facilities in working order and
never reopened the mines; their unmined ore ceased to
be reserves. Other governmental actions, such as start-
ing or ending a price support program, can move de-
posits from one category to another. The opening of
better mines can cause other mines to become unprofit-
able, as has happened twice with lithium: (1) in the
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1950’s, when greatly increased demand led to the open-
ing of large mechanized mines and ultimately to the
closing of the old small handsorting mines and (2) when
the Clayton Valley, Nev., brine operation caused the
Quebec Lithium mine, near Barraute, Quebec, to be no
longer competitive. Some mineral deposits may be prof-
itably worked by a company that already has a large
plant nearby but not by a company that must build new
facilities. Other possibilities can be conceived by anyone
who gives a little thought to the subject.

What constitutes a profit introduces questions. A min-
ing company expects a rate of return commensurate
with its risks. Certainly the prospective return must be
greater than the yield of high-grade bonds to be attrac-
tive. Yet once a mine has been developed and a plant
built, mining will continue as long as cash income ex-
ceeds cash outgo, even if part or all of the capital cost
must be written off.

Individuals making reserve calculations may have dif-
ferent motives that can lead to different results from
essentially the same data. Congressman Harold Runnels
(U.S. Congress, 1975, p. 28) has expressed this neatly by
saying that a person borrowing money to develop a
newly discovered oilfield will want the largest possible
reserve estimate, but when evaluating the same oilfield
for an estate he would want the smallest possible esti-
mate. Mining company reserve calculations made dur-
ing the planning process that precedes the large finan-
cial outlays necessary to start mining have a tendency to
be low: Caution can do no harm to the company except
to lead to missed opportunities, but recklessness can do
the company very serious financial damage.

If the reserve concept is so complex and the calcula-
tions are hard to evaluate, it is not suprising that those
who estimate undiscovered resources open themselves
to disputes. The test of the precision of a calculation is
the reproducibility of results obtained by different per-
sons using different methods. Oil is currently the most
instructive example, partly because the urgency of its
problems has given it wide attention but mainly because
an enormous quantity of information is available. The
disparities in the estimates of undiscovered oil in the
United States seem extraordinary to many persons, but
actually the spread is equivalent merely to several dec-
ades of U.S. consumption at its current rate. Though
this spread is important in planning the future of U.S.
energy usage, its size is insignificant compared to what
would result from similar examination of most other
mineral commodities.

A mineral commodity for which reserves are much
larger than required by the market presents great un-
certainties. Lithium is a good example. Most of the
major known lithium deposits were easily found in sur-
face exposures, and the others were found virtually by

chance. Their lithium content is far greater than has
ever been needed to meet the demands for lithium. The
circumstances create little reason to search for more de-
posits, thus offering slight experience or information to
use as a guide in estimating the magnitude of undiscov-
ered resources. My recent estimates of undiscovered re-
sources (Norton, 1973, table 73, p. 372) were little more
than informed guesses, as the text of the report makes
clear, but they have been widely credited with more ac-
curacy than they possess.

Resource estimates for coproducts and byproducts
have problems which are neglected in figure 18A and
which rarely, if ever, are examined in the literature,
though the mining industry is well acquainted with
them. The lithium produced as one of the minor prod-
ucts, along with several major products, from brine at
Searles Lake, Calif., is a useful example. A change in the
processing plant to add to the overall efficiency of the
operation could have the side effect of making the
lithium unrecoverable. The reserve (if it ever should
have been called a reserve, for the lithium content is
only about 70 ppm) then no longer exists. Other lithium
brines have marketable components that must be pro-
duced to make mining economically viable. A lithium
company can thus be put into another business in which
it has little expertise and little influence, hence com-
plicating the appraisal of its outlook for lithium produc-
tion.

In short, resources of various categories can change
through time for a great variety of reasons. Estimates of
their magnitude range from careful, elaborate, and ex-
pensive measurements to mere guesses. These estimates
are furnished by persons who cover the whole spectrum
from those of indisputable expertise and objectivity to
those of questionable reliability. Persons who provide
estimates should explain how their results were obtained
so that others can make independent interpretations.
With lithium the chief shortcoming in existing resource
estimates is lack of information caused by the little past
need for exploration.

METHODS OF EXPRESSING
RESOURCE ESTIMATES

Metal mining companies ordinarily state reserves in
terms of the tonnage of ore and its grade. Grade is gen-
erally expressed as the percentage of a metal in the ore.
Not all of the metal is recovered during mining and
processing, but few companies issue estimates of the re-
coverability. In making broad appraisals of metals re-
serves, the lack of such estimates is rarely important
because recoverability of metals tends to be near enough
to 100 percent so as not to introduce errors that are
much if any greater than the errors made in the normal
reserve estimating process. Some mines actually recover
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more than 100 percent of the measured reserves, for
unanticipated ore may be found during mining or low-
grade ore not originally calculated in the reserves may,
inadvertently or by necessity, be extracted.

The practices in stating reserves of deposits of indus-
trial minerals and rocks (commonly called nonmetals)
are too varied to be discussed briefly. The products may
be rocks, minerals, chemical compounds, elements, or
manufactured materials. A deposit’s grade (in the sense
applied to this word in the metals industry) may be no
more important than many of its other properties.

Recoverability is critical in the oil industry’s examina-
tion of its resources, for only about a third of the oil in
the ground can be obtained profitably. The oil industry
emphasizes what it calls “proved reserves,” which in-
cludes only the amount that is reasonably certain to be
recovered under existing conditions. Of course the oil
terminology also provides for estimates of the total in
the ground and for methods of expressing other esti-
mates serving various purposes.

For lithium the practice has been to state tonnage and
grade, but recoverability is also very important. Of all
the lithium ever extracted from pegmatites, probably at
least one-third and possibly nearly half has been lost
during mining and the elaborate processing needed to
make the many kinds of lithium products on the market.
In the brine at Silver Peak, Nev., the most recent esti-
mate by Kunasz (this report) indicates a known content
of 775,000 tons of lithium but a recoverable amount of
only 44,500 tons. Applying the word “reserves” to the
775,000 tons, as has been done by Kunasz (1975, p.
796), is akin to the practice of the metal mining indus-
try; applying it to the 44,500 tons follows the methods of
the oil industry. This difference illustrates a vital prob-
lem in expressing lithium reserve estimates.

RELATION OF RESERVES TO PRODUCTION

Often since the beginning of this century, it has been
noticed that the reserves of many mineral commodities
were adequate to last only a few decades. With the pas-
sage of time, reserves in most of the mineral industry
stayed ahead of production by about the same amount.
Some have attributed this experience to transitory good
luck by prospectors, to the incompetence of geologists,
and to machinations of mining companies. The princi-
pal reason is none of these. It is merely that the size of
reserves depends largely on the magnitude of produc-
tion, which in turn reflects demand. In the phraseology
of mathematics, reserves are a function of production.
They are also a function of the geologic availability of
deposits, accessibility, political environment, and many
other influences.

A hypothetical example will clarify this point. Sup-
pose all the world’s copper deposits were identical in
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every way that affects how the copper is mined, proc-
essed, and sold. Suppose also that the deposits contain
enough copper to last thousands of years, and that
price, rate of consumption, and other economic factors
will remain unchanged. The effect of these assumptions
is to reduce all the variables to a constant except reserves
and production.

Now suppose the lifetime of every deposit, at the most
efficient rate of mining, is 100 years. Each year some
deposits will be abandoned as mined out, and an equal
number of deposits will begin to be mined. The reserves
in operating mines will at all times amount to 50 years of
supply, despite the existence of very large resources.

No authority would disagree that the recoverable re-
serve of lithium in the United States is at least 350,000
tons. At the 1975 production rate of probably between
4,600 and 5,100 tons (estimated from Wood, this re-
port), this reserve would last about 70 years. Such a
large reserve-production ratio is unusual, and seems in
conflict with the belief that reserves tend to be kept at
the minimum necessary level. Actually reserves are so
large relative to demand not because there has been any
need for large reserves but merely because some lithium
deposits are of such great size that dividing a small
number (production) into a big one (reserves) yields a
large result. As a consequence, reserves are not only
adequate to meet the assured market but also provide
leeway to prepare to meet larger, less certain needs.

Other articles in this volume suggest that annual de-
mand for lithium will greatly increase by the end of this
century. If demand thereafter is expected to continue at
a high level, then reserves must be correspondingly in-
creased to maintain an adequate backlog for subsequent
years.

HOW RAPIDLY CAN PRODUCTION OF
LITHIUM BE INCREASED?

An astonishing assumption underlying many discus-
sions of future uses of lithium and whether supply will
meet demand is that if resource estimates are large
enough, there need be no worry about supply.

Actually, the chief concern should be whether lithium
can be brought to market in suitable amounts when
needed. Theoretically one should also be concerned
about whether the inadequately explored or undiscov-
ered resources exist and can eventually be converted to
reserves, but on this score 1 remain an optimist.

A way of visualizing the circumstances is to look at the
McKelvey diagram (fig. 18A) as if it were three dimen-
sional and the third dimension is time. In this third
dimension, the reserve box would be continuously de-
pleted by mining and continuously replenished by dis-
covery of additional deposits and by raising low-grade
material to a profitable level. How fast this can be done
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is a critical and difficult question, especially with a com-
modity for which there has been very little exploration.
Figure 18B presents the problem in a different light.
Wood (this report) suggests a 5-percent growth rate in
U.S. production for the next 5 years. If this growth rate
were to continue, the production in the year 2000 would
be about 15,000 tons of lithium. At the other extreme,
Chilenskas and others (this report) suggest a consump-
tion for storage batteries alone in the year 2000 at
somewhere between 90,000 and 170,000 tons. The
maximum likely figure for U.S. annual demand at the
end of the century seems to be about 180,000 tons.
The disparity between 15,000 and 180,000 tons raises
obvious enough uncertainty to those who must find de-
posits, drill them out, develop mines, and build plants. A
further problem lies in the rate of change in demand.
Curve 1 of figure 18B shows the most probable form of
increasing annual consumption if lithium batteries do
come into common use—a modest expansion in the next
few years and a great upswing at the end of the century.
A curve of this shape cannot, of course, continue up-
ward forever. It must eventually turn downward be-
cause of a shortage of lithium, because of something else
affecting lithium usage, or through other ancillary cir-
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Figure 18B.—Schematic graph of how an increase in lithium produc-
tion may proceed in the years 1975 to 2000. Lines 1, 2, and 3 are
possible generalized curves showing annual production (the actual
curve will, of course, be far more irregular). Point A is 1975 produc-
tion, which in the United States was probably somewhat less than
5,000 tons of contained lithium. Point B is U.S. demand in the year
2000, which may be as small as 15,000 tons or as great as 180,000
tons. Lines a through i signify production levels at which new mines
and plants must start operation.

cumstances. Curve 2 represents merely a straight-line
increase. Curve 3 has the shape to be expected if lithium
resources minable at acceptable costs turn out to be hard
to find or if the demand for lithium has a dimishing rate
of increase at the end of the century.

Along any curve representing increasing production,
there are points at which new mines and plants must
start operating. These are represented schematically by
the horizontal lines labeled a through i. The lines indi-
cate considerable uncertainty about when new mines
will be needed. This uncertainty is important for any-
thing that requires as long a lead time as a mine,
especially a mine in a new kind of deposit requiring
experimentation with processing methods. Mining
companies in lithium and the other so-called rare ele-
ments have heard about many anticipated large new
uses that did not materialize, and they have learned the
importance of caution and skepticism.

The outlook beyond the end of the century can also
be influential, though its importance may be little more
than theoretical now. Nevertheless it can affect the rate
at which capital costs must be amortized and the pru-
dence necessary in developing new mines.

The history of other mineral products that have gone
through large increases in demand can give hints about
how large an increase is practicable in lithium.

Let us assume that the production capacity desired for
the United States by the year 2000 is 150,000 tons of
lithium. Starting from a current capacity of not much
more than 5,000 tons (Wood, this report), an approxi-
mately 30-fold expansion in 25 years would be needed.

Increases of this amount are rare in segments of the
mineral industry controlled mainly by private markets.
For oil, which has an outstanding reputation as a growth
industry, U.S. output increased 58-fold in the 75 years
from 1896 through 1970, which was the peak year. The
increase from 1921 through 1970 was merely 7.5 times.
Copper increased only eight-fold from 1896 through
1970, also the peak year for it.

To find increases that were proportionately much
greater and took place over a shorter time, it is best to
search among commodities which had small production
until recently and for which there was assistance from
the Federal Government. Uranium is the greatest suc-
cess story. U.S. uranium production increased from vir-
tually nothing in the late 1940’s to a high peak in 1960.
Meanwhile world production, in the non-Communist
group of nations, increased 22-fold.

Niobium (columbium) is especially pertinent because
in 1950 its situation was similar to that of lithium today.
The main difference between the two is that notice of an
increase in niobium demand, chiefly for use in jet en-
gines, came very suddenly. The geologic literature
available in 1950 indicated, as with lithium now, that



LITHIUM RESOURCES AND REQUIREMENTS BY THE YEAR 2000

major deposits of niobium probably could be found, and
notes in trade journals implied that some were ready for
development. A U.S. Government purchase program
began that exceeded the wildest expectations, and after
its end in 1959 world production increased even more
rapidly. Niobium output of the world, outside the
Communist segment, was about 14,565 tons in 1975
(U.S. Bureau Mines, 1976, p. 45), in contrast to about
500 tons in 1950 (when production data were, for sev-
eral reasons, imprecise). The increase was about 30-fold.

With such experiences in the background, and if one
can assume the availability of adequate lithium re-
sources, there seems little reason for pessimism about
increasing lithium production enough to meet the
maximum demands anticipated for the end of the cen-
tury. In lithium, unlike niobium in 1950, the United
States is already the world’s largest producer and has the
world’s largest reserves as well as favorable geologic en-
vironments for the discovery of more deposits. For the
expansion to be orderly and not too costly, new deposits
must be found and the demand must be assured long
enough in advance for the construction of producing
facilities.

PROBLEMS IN RECENT ESTIMATES OF
LITHIUM RESOURCES

Several articles in this volume treat various aspects of
existing information about lithium resources. The prin-
cipal assessments of resources are in the articles by Vine
and by Kunasz. Their tables of resource estimates may,
to the casual reader, seem greatly different, but actually
the main difference is in their approach to the available
data. Vine emphasizes the very proper view that the
critical figures are for lithium that almost certainly can
be mined by the end of the century, for this is the only
lithium that users can be sure to obtain. Kunasz takes
the equally proper view that in an expanding market the
known resources that are less adequately known or are
of lower quality will take on increasing importance. Both
of them would undoubtedly agree that search for new
deposits is necessary if U.S. demand is indeed going to
increase greatly by the year 2000. If a proper reserve base
should amount to at least a 30-year supply, and if the
annual production at the end of the century is to be
180,000 tons of lithium, reserves at that time should be
about 5,400,000 tons, which is larger than either of their
estimates of known resources and far larger than any
estimate of reserves.

My own recently published appraisal of resources
(Norton, 1973, p. 372-375) is not fundamentally in-
compatible with those of Vine and Kunasz. The most
obvious difference is that I estimated or (in more correct
words) made guesses of undiscovered world resources;
Kunasz makes no such guesses and Vine does so only for
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the United States, arriving at a total (if his Kings Moun-
tain, N.C., low-grade resources are included) similar to
mine but via a different route. Both Vine and Kunasz
use Great Salt Lake brines, which I chose to disregard.
Vine also uses oil field brines, for which I had virtually
no information. Kunasz promotes the Zaire and Chilean
deposits to identified resources, chiefly on the basis of
recent information.

A source of some contention has been the estimates
for Clayton Valley, Nev. The original claim was 2.5 to
5 million tons of lithium “reserves” (obviously meaning
“resources”). My examination of the published data
(Norton, 1973, p. 374) led to assigning 500,000 tons to
reserves and relegating the rest to more dubious
categories of resources. Kunasz (this report), using
newer information, now estimates the identified re-
sources at 775,000 tons of lithium, of which only 44,500
tons is currently recoverable. He adds that the total re-
sources in the valley, apparently in clay as well as brine,
are undoubtedly very much larger, though when and
how these resources can be mined seems questionable.
Vine (1975 and this report) stresses the 44,500-ron
figure, because one can rely on obtaining this amount.
Yet to say that no more than this quantity of lithium will
ultimately be extracted from Clayton Valley may be too
conservative, though some such event as the develop-
ment of better deposits elsewhere, making Clayton Val-
ley not competitive, could prevent enlargement of its
supply of recoverable lithium for a long time.

OUTLOOK FOR INCREASING
LITHIUM RESERVES

Questions about the future success of lithium explora-
tion are difficult to answer, and the answers are impos-
sible to quantify. The small amount of exploration and
geologic study has yielded a correspondingly small
amount of information about where and how to search
for new deposits.

The traditional source of lithium has been pegmatite.
Most lithium pegmatite has about 0.7 percent lithium,
apparently for geologic reasons summarized recently
(Norton, 1973, p. 368-369). The main economic differ-
ence between a good and a not-so-good lithium pegma-
tite is size: A large one can be mined more cheaply than
smaller ones. Another difference is accessibility. The
Zaire deposits may be the best in the world except for
their remote location and the political environment.

Pegmatites are the source of several unusual mineral
products and for this reason they have been prospected
carefully in much of the world. Not many large lithium
pegmatites exposed at the surface seem likely to have
remained undiscovered. The stage of exploration prob-
ably is near maturity. Nevertheless, the great disparity
between the amount of known lithium pegmatite in
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North America and in the rest of the world suggests
some hope for the potential of other continents.

Exploration is decidedly immature for lithium peg-
matites concealed beneath the surface and for small but
possibly useful pegmatites. Kesler in this report makes
suggestions about how to find additional large deposits
in the Kings Mountain region, North Carolina.

Several clay deposits are known to contain about 0.2
percent lithium, but none have been mined for lithium.
For these deposits, little laboratory work on extraction
processes has been attempted, the geology is poorly
known, and all the discoveries were little more than ac-
cidental. A grade of 0.2 percent by weight seems very
low, but opportunities for low cost mining and process-
ing may offset this defect. Furthermore, weight percent
is somewhat misleading with elements of low atomic
weight: for example, spodumene (LiAlSi;Og), the prin-
cipal lithium mineral of pegmatites, contains 10 percent
lithium in terms of atoms but only 3.7 percent by weight.

The likelihood of finding lithium-rich brines was sus-
pected long before the more or less fortuitous discovery
of the Clayton Valley deposit, which is now probably the
second most productive deposit in the world. The de-
posit in the Salar de Atacama, Chile, reputedly also
tound by chance, appears to be richer than Clayton Val-
ley and probably also large. Whether even better de-
posits are awaiting discovery is unknown and will be
beyond even guessing until the geology and geochemis-
try of lithium brines have been investigated much more
thoroughly.

In short, exploration for lithium brines and clays is at
a very immature stage.

No other kinds of lithium deposits are known, but
they may exist. The source of the lithium in lithium-rich
pegmatites is uncertain (Norton, 1973, p. 368-369). The
lithium may have been obtained by partial melting of
lithium-bearing metamorphic rocks. If so, some of the
lithium pegmatite regions of the world may also contain
nonpegmatitic deposits. Because nearly all lithium peg-
matite localities were first prospected for tin, the associa-
tion between tin and lithium may be worth examining.
Many publications indicate that rocks allied with the
Cornwall, England, tin deposits have lithian mica, and
one wonders if they have other lithium minerals.

Ocean water has often been cited as a potential source
of lithium. Its content of only about 0.2 ppm lithium
multiplied by the large tonnage of ocean water is im-
pressive, but actually does nothing but reaffirm the
eye-catching effect of such arithmetic. With so many
better possible sources of lithium to test, one cannot
regard ocean water seriously except perhaps for by-
product lithium. In processing ocean water, other com-
modities would probably be more remunerative, and the
lithium output would depend on their market. This is
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not to say that the work of Steinberg and Vi-Duong
Dang (this report) is not a useful contribution to the
chemical engineering of extracting lithium from seawa-
ter. The subject has been so much discussed that its
technology must be examined.

HOW TO ADAPT RESOURCE NOMENCLATURE
TO LITHIUM

Three aspects of lithium resources have caused most
of the misunderstandings and disputes: (1) the differ-
ence between the lithium contained in the deposits and
the amount recoverable, (2) the existence of deposits
that are not now minable at a profit but are equal in
quality to deposits mined in the past and in some in-
stances have actually been mined, and (3) the potential
for finding new deposits.

Uncertainty about undiscovered deposits can be al-
leviated only by geologic work of many kinds coupled
with exploration to teach us where, how, and at what
rate new resources can be found. If uses in the next 25
years are to become as large as now anticipated, a sizable
body of geologic data must be acquired soon.

The problems with recoverability and with marginal
deposits can be clarified by dividing the resource esti-
mates into the smallest feasible categories. Resources in
operating mines, closed mines, and undeveloped but
known deposits should be separated from one another.
Resources in different kinds of deposits should also be
segregated, because future technological advances may
have different effects on the various categories. Separa-
tion of deposits by size, grade, mineralogy, and other
traits would also be worthwhile. As Singer (1975) shows,
“disaggregated” information of this kind will facilitate
the process of predicting the supply outlook for the var-
ious possible combinations of future economic and
technologic circumstances.

Reserves should include only lithium that is currently
recoverable, and should exclude lithium now lost in
mining and milling. In other words, reserve estimates
should encompass only material reasonably certain to
enter market channels. The unrecoverable lithium is not
a reserve in this sense, but because the recoverability
may increase or the lithium in mine dumps and mill
tailings may someday become obtainable, it is of poten-
tial value. Companies may be reluctant to reveal re-
coverability, but probably in most instances they can
hide the data they prefer not to release. Certainly frank
statements of recoverable reserves would eliminate a
major source of confusion that may endanger the future
of the lithium business.

The importance of marginal resources is illustrated by
the Quebec Lithium Corp. deposit at Barraute, Quebec,
which could quickly assume its former status as one of
the world’s best and most productive deposits. The deci-



LITHIUM RESOURCES AND REQUIREMENTS BY THE YEAR 2000

sion to stop operation because of inability to compete
with Clayton Valley brine made it no longer a reserve
but merely a paramarginal resource. However accurate
this term may be, it implies that the deposit’s standing is
lower than it really is. Other pegmatite deposits have a
similar problem. They have often been called reserves,
and some of them are in fact either reserves or so near
to being reserves that misunderstanding is created by
treating them slightingly.

Lithium seems unready for a well-organized, system-
atic, and exact procedure for stating resources, but a
step in that direction would be well taken. One can more
easily be optimistic that knowledge of the lithium poten-
tial of the United States can and probably will be greatly
increased in the next decade.

REFERENCES CITED

Banfield, A. F,, and Havard, J. F., 1975, Let’s define our terms in
mineral valuation: Mining Eng., v. 28, no. 7, p. 74-78.

Brobst, D. A., and Pratt, W. P., 1973, Introduction, in Brobst, D. A.,
and Pratt, W. P., eds., United States mineral resources: U.S. Geol.
Survey Prof. Paper 820, p. 1-8.

Kunasz, I. A., 1975, Lithium raw materials, in Lefond, S. J-. ed., In-

45

dustrial minerals and rocks [4th ed.]: Am. Inst. Mining, Metall.,
and Petroleum Engineers, p. 791-803.

McKelvey, V. E., 1972, Mineral resource estimates and public policy:
Am. Scientist, v. 60, no. 1, p. 32—40. Repr. in Brobst, D. A., and
Pratt, W. P., eds., 1973, United States mineral resources: U.S.
Geol. Survey Prof. Paper 820, p. 9-19.

Norton, J. J., 1973, Lithium, cesium, and rubidium—the rare alkali
metals, in Brobst, D. A., and Pratt, W. P., eds., United States
mineral resources: U.S. Geol. Survey Prof. Paper 820, p. 365-378.

Schanz, J. J., Jr., 1975, Resource terminology—an examination of con-
cepts and terms and recommendations for improvement: Wash-
ington, D.C., Resources for the Future, 116 p. [Prepared for Elec-
tric Power Research Inst.].

Singer, D. A., 1975, Mineral resource models and the Alaskan mineral
resource assessment program, in Vogely, W. A., ed., Mineral
materials modeling: Washington, D.C., Resources for the Future,
p- 370-382.

U.S. Bureau of Mines, 1976, Commodity data summaries 1976: U.S.
Bur. Mines, 196 p.

U.S. Congress, 1975, Oversight—Bureau of Mines, Geological Survey,
Ocean Mining Administration: U.S. Cong., 94th, 1st sess., House
of Representatives Comm. Interior and Insular Affairs, Comm.
Print, 75 p.

U.S. Geological Survey, 1975, Mineral resource perspectives 1975:
U.S. Geol. Survey Prof. Paper 940, 24 p.

Vine, J. D., 1975, Lithium in sediments and brines—how, why, and
where to search: U.S. Geol. Survey Jour. Research, v. 3, no. 4,
p- 479-485.

T ——

OCCURRENCE, DEVELOPMENT, AND
LONG-RANGE OUTLOOK OF LITHIUM-PEGMATITE ORE
IN THE CAROLINAS

By THoMmas L. KesLER (retired), HENDERSONVILLE, NC

ABSTRACT

Unzoned lithium pegmatites occur in a narrow area 50 km long in
the Carolina Piedmont. The pegmatites are composed of approxi-
mately 20 percent spodumene that contains about 7.5 percent LioQ.
The ore bodies are as much as 90 m thick and 1,000 m long. Tens of
millions of tonnes of ore are minable by open pit. Development began
gradually in the 1930’s, and two large mines are now in operation. The
area containing the pegmatites occurs mostly within and parallel-to the
strike of metamorphosed shallow-water sediments of the Kings Moun-
tain belt and bounds the east side of the Permian(?) to Mississippian(?)
Cherryville Quartz Monzonite of the Inner Piedmont. Pegmatites
elsewhere in and around the monzonite do not contain lithium miner-
als. The quartz monzonite provided the main components of the
lithium pegmatites, but the lithium was probably derived from con-
tiguous evaporites in the metasedimentary rocks. Deep pegmatites of
long-range interest for underground mining are probably west of
those now known, because the metasedimentary rocks dip westerly
and should dip less steeply at depth.

GEOLOGIC SETTING

The western world’s largest reserves of lithium are in

the pegmatites of an area of metamorphic rocks in the
Carolinas. Geologic maps of much of the area (Sterrett,
unpublished map, 1912; Keith and Sterrett, 1931;
Kesler, 1942, 1944, 1955; Griffitts, 1958; Espenshade
and Potter, 1960) have been used in the preparation of
figure 19, which shows features related to this discus-
sion.

Most of the area is in the western part of the Kings
Mountain belt of the Piedmont. The country rocks are
mostly metasedimentary and of lower metamorphic
rank than those to the east and west. They include
quartzite, conglomerate, fine-grained schist with traces
of pyroclastic texture, chloritoid schist, biotite schist and
gneiss, thin-layered amphibolite, crystalline limestone,
and phyllitic metashale that is interbedded with the
other types of rocks.

The more quartzose of these rocks underlie a series of
ridges, of which Kings Mountain is the most prominent
(figs. 19 and 20). The less quartzose rocks, which strati-
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Ficure 19.—Areal features of the Carolina lithium region.

graphically overlie the quartzose rocks, crop out west of
the ridges with uniform westerly dip except at Gaffney,
where the beds are overturned. These west-dipping
rocks identify the western limb of an arch original-
ly more than 15 km wide, and vertical isoclinal folds

mapped in the ridges by Espenshade and Potter (1960)

identify the strongly compressed core of the structure.

In the northern part of the belt (section 4-4") the
eastern limb of the arch is missing, having been dis-
placed by a major intrusive of the adjoining Charlotte
belt. This is the biotitic and porphyritic Yorkville Quartz
Monzonite of Permian age (Overstreet and Bell, 1965).
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Ficure 20.—Cross sections showing geologic relations of the pegmatites. Location of sections shown in figure 19.

The forceful intrusion of the Yorkville left discordant
contacts and contact-metamorphic effects (Espenshade
and Potter, 1960; Overstreet and Bell, 1965), but this
intrusive shows no relation to the lithium pegmatites.
Along the western boundary of the Kings Mountain
belt there is a transition involving four features: (1) a
gradual decrease in dip from that shown in figure 20;
(2) an increase in metamorphic rank; (3) a change from
the northeast structural grain of the Kings Mountain
belt to a complex of diversely oriented, broad, open
folds characteristic of the Inner Piedmont; and (4) a
profusion of large and small bodies of a muscovite-
biotite quartz monzonite of the Cherryville, many of
which occur as concordant sheets. Limited data on the
Cherryville yield radiometric ages ranging from 375 to
260 million years, a spread regarded by Overstreet and
Bell (1965) as inconclusive. Whether this results from

inadequate sampling or from a long and relatively pas-
sive intrusive history is unknown. However, the Cher-
ryville differs from the Yorkville in that it does not trun-
cate major country-rock structures.

The Cherryville contains nonlithium pegmatite, and
similar pegmatite also occurs in the surrounding coun-
try rock; however, it is only along the east side of the
intrusive that the outermost of the pegmatites are
lithium bearing. Of particular significance (Kesler,
1961) is a compound pegmatite 30 m wide within am-
phibolite and 60 m from the quartz monzonite to the
west and lithium pegmatite to the east. In composition,
this body grades eastward across its strike from simple
quartz-monzonite pegmatite to spodumene-bearing
pegmatite. The Cherryville, therefore, shows a genetic
relation to the lithium pegmatites; this relationship is
considered further in discussing future exploration.
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The lithium pegmatites occur at close intervals in an
area about 50 km long and less than 3 km in maximum
width (fig. 19). Sporadic spodumene crystals also occur
in pegmatite near Gaffney, 19 km farther south. The
bodies are as much as 90 m thick and almost 1,000 m
long. To date drilling has reached a maximum depth
more than 200 m below outcrop without encountering
any change in the geologic characteristics of pegmatites
or wall rocks.

In general, pegmatite was intruded parallel to the
foliation of mica schist. Thin-layered ampbhibolite,
where not interlayered with schist, was ruptured irregu-
larly with respect to dip, but parallel to strike. Thin
pegmatites were intruded into joints with diverse trends
in massive hornblende gneiss.

Five minerals make up about 99 percent of the
lithium pegmatites. As previously reported (Kesler,
1961), long-term control on the milling of crude ore
showed an original content of 20 percent spodumene,
32 percent quartz, 27 percent albite, 14 percent micro-
cline, 6 percent muscovite, and 1 percent trace minerals
including cassiterite in which there has been recurrent
mining interest since the 1880’s. Only near the collapsed
shaft of the old Ross tin mine near Gaffney have pegma-
tite cores been recovered in which spodumene is very
scarce. Elsewhere it is common and averages about 7.5
percent LiyO (theoretical maximum 8.03). Thus, crude
ore with 20 percent spodumene should grade about 1.5
percent LipO, or 7,000 parts per million Li. The pegma-
tites, with rare and small-scale exceptions, are not
zoned, and the grade of crude ore is fairly uniform as
shown in published assay sections (Kesler, 1961). This
feature has also stimulated the recovery of feldspar and
mica byproducts, which are liberated in grinding the
ore.

Late features include contact-alteration selvages be-
tween pegmatite and amphibolite, rarely as much as 0.5
m thick, consisting of rare-alkali biotite, holmquistite,
calcite, and apatite. Near some of the large pegmatites,
dynamically brecciated amphibolite containing frac-
tured black tourmaline has been altered to coarse chlo-
rite rock containing much pyrrhotite and a little
holmquistite and chalcopyrite. Extreme weathering of
such breccia leaves only a conspicuous float of fragmen-
tal black tourmaline. A few nearly vertical, northwest-
trending faults of very small displacement cut some of
the pegmatites. The walls are separated by a few cen-
timetres to nearly a metre of amphibolite breccia and
gouge, partly altered to a biotitic rock that resembles
minette.

DEVELOPMENT

In 1938, our government’s concern with supplies of
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strategic minerals caused a renewed interest in the cas-
siterite content of the pegmatites. The U.S. Geological
Survey assigned me and other personnel to an investiga-
tion that included two seasons of detailed mapping, and
the results (Kesler, 1942) indicated a large potential for
developing minable reserves of lithium ore.

Others had foreseen this possibility. Limited prospect-
ing was started in the mid-thirties by the Tennessee
Mineral Products Company, by Phillip Hoyt, and by L.
M. Williams, who was still active when our survey began.

On leases of Williams, the Solvay Process Company
operated a mine and flotation plant in the early forties
and did considerable diamond drilling. This effort
ended in 1945, and uncertain market conditions follow-
ing World War II prevented further work until 1951,
when Foote Mineral Company reactivated the mine and
mill and did more extensive drilling. An account of all
exploration on this property through 1959 has been
published (Kesler, 1961). Shortly after Foote started its
operation, the Lithium Corporation of America began
construction of a chemical plant at Bessemer City and
did some preliminary mining at two localities 8 km south
of Lincolnton. Their present mine is near Tryon School,
6.5 km northwest of their plant, where much explorat-
ory drilling has also been done.

The large open-pit mines of Foote and Lithium Cor-
poration are expanding, and during their early years
purchases of lithium by the Atomic Energy Commission
caused a flurry of prospecting in the Carolina area as
well as in Canada, its nearest potential competitor. In
fact, until early in 1956, published articles had listed 286
lithium interests in 16 areas in 3 Canadian provinces
plus the Great Slave Lake region. The Canadian activity
had a strong influence on developments in Carolina and
finally matured into temporary competition. The
domestic industry should not forget.

MINING

The mines in the Carolinas must penetrate the zone
of weathering before encountering the fresh ore that
gives best recoveries in milling. The base of the zone of
weathering is irregular, mostly from 10 to 20 m below
the surface in pegmatite, but generally deeper in the
country rocks. Little of the pegmatite in the zone of
weathering is decomposed, but substances deposited
from ground water stain the cleavage surfaces of the
minerals. Flotation reagents therefore cannot reach
clean surfaces, and only part of the stains are acid solu-
ble at practicable concentration. Separation by heavy
media requires crushing that preferentially shatters the
spodumene, which has better cleavage than the other
minerals. Power requirements for abrasive scrubbing of
total crude ore to remove the stains would become in-
creasingly uneconomic because of rising fuel costs, and
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this disadvantage would also apply to any effort to
bypass the concentration of spodumene by roasting the
crude ore for treatment. Whatever may be the solution
to this problem, it must be found to eliminate a con-
tinual drain on ore reserves.

LONG-RANGE OUTLOOK

It is generally agreed (Kesler, 1961; Norton, 1973)
that reserves of minable lithium ore in the Carolina area
amount to tens of millions of tonnes. The rate at which
they will be consumed is unknown, but their location
gives them a competitive advantage over other pegma-
tite ores. The advantage will continue until mounting
costs of open-pit stripping and initial stages of under-
ground mining bring competition from foreign sources.

As reserves in the Carolina area are depleted and
costs increase, the lithium industry will then enter a sec-
ond stage in which the domestic market may be divided
between domestic and foreign suppliers. A third stage
will eventually be reached in which foreign sources will
also experience rising costs, bringing the location of ore
reserves back into major importance. At that time the
domestic industry, if it prepares well in advance, can be
in position to recapture lost segments of the world
lithium market.

The preparation will require exploration beyond any-
thing yet attempted, based on the certainty that all ore
of sufficient bulk for open-pit mining will have been
discovered and that new targets will be much deeper.
Where and how these efforts should be directed re-
quires consideration of the origin of the Carolina lith-
luum pegmatites.

Scarcely half of the Cherryville Quartz Monzonite as
illustrated in figure 19 actually consists of monzonite.
The remainder consists of Inner Piedmont metamor-
phic rocks with widely divergent structural trends, a fea-
ture also characteristic of Inner Piedmont rocks margi-
nal to the Cherryville. The quartz monzonite is accepted
as the source of all pegmatites in and around its area of
outcrop, but only those containing lithium occur in an
area having a preferred and essentially straight trend.
That trend is along the west side of the Kings Mountain
belt and parallel to its structural grain as reflected by the
zone of limestone shown in figure 19. Thus, the dis-
tribution of the lithium, considered apart from the na-
ture of its host, seems to be more closely related to the
Kings Mountain belt than to the Inner Piedmont.

In an effort to account for high concentrations of
pegmatitic lithium without an obvious source, Norton
(1973) has suggested that deep melting, or anatexis, of
lithium-rich metasedimentary rocks could form the
pegmatite magma. This concept, though not entirely
compatible with known conditions in the Carolina area,
provides a new approach.
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The low metamorphic rank and well-preserved
sedimentary structures of the rocks at Kings Mountain
preclude their having reached conditions usually
specified for anatexis, but their lithology suggests an
original shallow-water environment that could have in-
cluded evaporites. All of the rocks are thin bedded, and
the bedding planes are sharp and continuous along the
trend of the belt without appreciable distortion. The
limestone is lenticular and was originally silty; the
quartzite is relatively pure and reflects good sorting; the
conglomerate is mostly fine textured, but contains peb-
bles as much as 7.5 cm in diameter; and the meta-
argillaceous rocks are nonuniform in composition, par-
ticularly their micas. These features show that the origi-
nal sediments at Kings Mountain were deposited under
conditions of variable currents, in water too shallow for
massive, poorly sorted deposits to be formed. They were
apparently deposited in a basin bordering an area that
would later become the Charlotte belt (fig. 19) on whose
margin Espenshade and Potter (1960) have found evi-
dence of volcanism, and therefore a possible source of
thermal waters.

The final stage in the filling of such a basin could have
included the formation of evaporite deposits whose po-
sition would have been in the present downdip section
beneath the eastern edge of the Inner Piedmont. Dur-
ing the slow invasion of the Cherryville Quartz Monzo-
nite, volatiles expelled into the rocks of the Kings Moun-
tain belt would have served as collectors of loosely
bonded elements, including lithium if present; such vol-
atiles are essential parts of pegmatite magma.

This hypothetical framework implies that rocks of the
Kings Mountain belt should persist in depth as the wall-
rocks of the lithium pegmatites. Their normal dip is
westward beneath the rocks of the Inner Piedmont (sec-
tion A-A4") and adjacent to the Cherryville Quartz Mon-
zonite. In the entire extent of the Cherryville and the
metamorphic rocks (fig. 19), the many bodies of the
monzonite are so uniformly concordant with the Inner
Piedmont metamorphic rocks that abrupt departure
from this habit is unlikely. The eastern limit of the
Cherryville Quartz Monzonite and its bordering fringe
of lithium pegmatites can therefore be expected to shift
westward at depth, and deeper pegmatites of interest
for future exploration should lie west of the axis of
present outcrops.

Outside of this area, the apparently barren gap be-
tween Grover and Gaffney could reflect an original di-
vide between evaporate deposits, but the presence of
spodumene near Gaffney requires reconsideration of
that area. Closer study is also needed beyond the pres-
ently known limit of the pegmatites to the northeast,
where conditions are not clear (Broadhurst, 1956) but
where the continuity of typical metasedimentary rocks
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in the Kings Mountain belt may indicate continuity of
lithium source beds.

There is no known physical reason why underground
mining of the strategically located Carolina ore bodies
cannot reach depths many times the present maximum;
it is also an economic probability for the future, not only
because mineral values rise as raw materials are de-
pleted, but also because essentially the entire mineral
content of this ore has li.rge-scale industrial use.
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A COMPARISON OF THREE MAJOR LITHIUM PEGMATITES:
VARUTRASK, BIKITA, AND BERNIC LAKE

By E. WM. HEINRICH
UNIVERSITY OF MICHIGAN, ANN ARBOR, MI

ABSTRACT

A reassessment of the mineralogical and geological characteristics of
three major lithium pegmatites, Varutrask, Sweden; Bernic Lake,
Manitoba; and Bikita, Rhodesia, shows that Bernic Lake and Bikita are
mineralogically and structurally very similar. Both also contain sig-
nificant reserves of lithium, especially in very low iron secondary
spodumene which is especially suitable for utilization as glass-ceramic
raw material.

INTRODUCTION

Three of the world’s most highly localized major
Li-Rb concentrations are the structurally and mineralog-
ically complex pegmatites of Varutrask, Sweden; Bikita,
Rhodesia; and Bernic Lake, Manitoba, Canada. This
paper compares these deposits and assesses their past
importance and future potential as Li-Rb sources.

The writer has examined all three: Varutrask first
some 25 years ago; Bikita, in 1966 and 1967; and Bernic
Lake several times beginning in 1972,

PEGMATITIC LITHIUM MINERALOGY

There are some 26 different “independent” lithium
minerals, of which nine silicates and eight phosphates
occur in granitic pegmatites. Five other lithium minerals
occur almost exclusively in highly alkalic subsilicic peg-
matites (nepheline-syenitic) and related deposits.

Of the many subordinate elements that characterize

granitoid pegmatites, lithium is undoubtedly one of the
most versatile and, indeed, is so in several ways. It not
only forms its own pegmatitic species but can also ap-
pear vicariously in other minerals, including such di-
verse groups as pyroxenes, amphiboles, micas, and
tourmalines. Its granitic pegmatitic minerals are equally
varied: the pyroxene, spodumene; the amphibole,
holmquistite; the micas, lepidolite, zinnwaldite; and the
zeolite, bikitaite. Both a variety of silicates and of phos-
phates (for example, amblygonite, triphylite) are repre-
sented. In alkalic granitic pegmatites lithium may even
appear as the fluoride, cryolithionite.

In granitic pegmatites lithium minerals appear in all
three structural types of pegmatites: unzoned, zoned,
and structurally complex. In addition, holmquistite oc-
curs as an exogenic wallrock constituent (Heinrich,
1965). In zoned pegmatites, spodumene and
amblygonite-montebrasite are not uncommonly mul-
tigenerational, with differences among generations in
form, crystal size, and composition (Heinrich, 1953).
Lepidolites of complex pegmatites are normally mul-
tigenerational with conspicuous variations among gen-
erations in color, grain size and form, and, of course, in
composition (Heinrich and Levinson, 1955; Heinrich,
1967).

The lithium minerals range, paragenetically, from
such earliest species as phenocrysts of iron-rich
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spodumene, through the intermediate magmatic stages
(spodumene, petalite, amblygonite, triphylite), through
the post magmatic replacement period (lepidolites), into
intermediate to low-temperature hydrothermal altera-
tion stages (eucryptite, bikitaite, cookeite, and secondary
phosphates).

PARAGENETIC TYPES OF SPODUMENE

Recent studies (Heinrich, 1975; 1976) have identified
three distinct paragenetic types of spodumene in peg-
matites:

1. Phenocrystic spodumene in essentially unzoned
pegmatites of the “King’s Mountain type.” These
laths, usually less than a foot long, commonly are
greenish and contain essential Fe3+ in substitution
for AB+, usually in the range of Fe;03=0.6—0.9
percent.

2. Zonal spodumene, commonly as large laths that
occur in intermediate zones and cores of well-
zoned pegmatites. This spodumene is low in iron
(FeaO3=0.01—-0.03 percent). It may contain sig-
nificant manganese (X.0—0.X percent), and
whereas most is white, some is pink or lilac (kun-
zite).

3. Secondary spodumene. Produced by the isochemical
decomposition of petalite:

petalite = spodumene + quartz
LiAlSi4Oy9 —LiAlSisOg + 2Si09

This spodumene is relatively fine grained; com-
monly the aggregate retains the crystal form and
basal cleavage of the parent petalite. It is white and
has very low iron (FegO3=0.007—0.03 percent),
because of the low-iron content of the parent peta-
lite.

The substitution of even small amounts of Fe** for
AP? in spodumene markedly increases its thermal sta-
bility field (Appleman and Stewart, 1968). Iron spodu-
mene was synthesized in air at 1,100°C and is stable up
to at least 800°C at 2Kb HyO pressure compared to
~565°C at 2Kb for essentially iron-free spodumene.
Geothermometric data obtained by Sheshulin (1963)
from fuid-inclusion studies, indicate that early (his
Generation I) spodumenes crystallized between 600°
and 640°C, whereas younger (his Generation II) sfod-
umenes crystallized at 330°-390°C. Thus phenocrystic
spodumene, which is iron rich as compared to
paragenetically younger intermediate zone and core
spodumene, represents a higher temperature
spodumene.

After secondary spodumene has been formed from
petalite, it may be recrystallized and texturally re-
arranged, becoming coarser, unoriented, and very dif-
ficult to distinguish from primary white inner zone

spodumene. Some such spodumene occurs at Bernic
Lake where Cerny and Ferguson (1972) distinguish
three types of spodumene: Type A, tabular aggregates
of fibrous spodumene intergrown with quartz, clearly
pseudomorphous after petalite which constitute 90 per-
cent of all spodumene in the pegmatite. Type B, laths
up to 1.5 m long, in the intermediate core-margin zone,
not associated with petalite, and identified as primary
zonal spodumene. Type C, fibrous to columnar
spodumene in quartz, but not tabular (may be secon-
dary).

VARUTRASK, SWEDEN

The Varutrask pegmatite, described in 37 articles by
Percy Quensel and his students (see Quensel, 1952,
1956) is “C”-shaped in plan with the “C” open to the
north, the western, thinner limb which trends north-
westward dips inward to the northeast at a low angle,
whereas the eastern thicker limb which trends north-
eastward dips 30° NW. Thus the pegmatite is synclinal
with the trough plunging to the north at a shallow angle.

The internal structural units are as follows:

1. Border zone, 1-3 cm, fine-grained, quartz and mus-
covite.

2. Wall zone, up to 5 m, coarse-grained, quartz, musco-
vite, schorl, and locally beryl.

3. Outer intermediate zone, microcline-perthite,
quartz, muscovite.

4. Inner intermediate zone, microcline-perthite, quartz,
muscovite, amblygonite, spodumene-quartz pseu-
domorphous after petalite, petalite remnants.
Units 3 and 4 together are 40-75 m thick.

5. Pollucite masses (Quensel's “Caesium replacement
unit”), as much as 5 m across, which in the eastern
limb are marginal to the core.

Core, quartz, 12 m across.

Lepidolite replacement unit. This is centrally located
in the western limb and replaces mainly rock of the
inner intermediate zone. In the eastern limb it also
replaces parts of this zone but in addition trans-
gresses into the outer intermediate zone and the
wall zone.

8. Cleavelandite replacement bodies, irregularly de-

veloped in all older units.

N>

BERNIC LAKE, MANITOBA

The geology of the Tanco pegmatite at Bernic Lake,
Manitoba, has recently been described in detail in a
series of papers by Cerny and Ferguson (1972). The
east-west-striking pegmatite is an almost horizontal
sheet that crops out only in the bed of Bernic Lake from
whence it dips at a low angle to the north and plunges
slightly both toward the east and west. As in most flat-
lying pegmatites, the zonal configuration is markedly
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asymmetric with outer zones 1, 2, 4, and 5 (see below)
forming a series of shells that enclose the lensoid to
tabular inner units 3, 6, 7, 8, and 9 (see below). Of these
inner tabular units the albitic fine- to medium-grained
assemblages are concentrated in the lower interior,
whereas lithium- and silica-rich assemblages with giant-
crystal dimensions predominate in the upper interior.
The sequence of units in probable order of formation

is (Crouse and Cerny, 1972):

1. Border zone, albite, quartz, locally tourmaline.

2. Wall zone, albite, quartz, microcline-perthite, locally
tourmaline.

3. Sheet and lenses of aplitic (“sugary”) albitite.

4. Lower intermediate zone, microcline-perthite, albite,
quartz, spodumene + quartz, (replacement of
petalite), locally amblygonite.

5. Upper intermediate zone, spodumene (laths),
spodumene + quartz (replacement of petalite),
quartz, locally amblygonite and petalite.

6. Central intermediate zone, microcline-perthite, al-
bite, quartz, locally beryl and wodginite.

7. Core units, lenses and sheets of quartz in several dif-
ferent positions.

8. Lens-shaped bodies of pollucite in zone 5 and be-
tween zone 6 and hanging-wall zones 1 and 2.

9. Sheets and pods of lithian muscovite rock in zone 6.

BIKITA, RHODESIA

The Bikita pegmatite is an irregular sheet that strikes
north-northeast and dips 14-45° eastward.! It ranges in
thickness from 95 to 210 ft and has been explored over a
strike length of 5,100 ft. Again the internal zonal struc-
ture is strongly asymmetric, and there are major
changes in the sequences of units along the strike. Our
first knowledge of the internal structure stemmed from
Symons (1961) and Cooper (1964) who both unfortu-
nately use a variety of nonequivalent terms (mineralogi-
cal, structural, textural, and grade) to designate the
units. Studies by Gallagher (1962) and by the writer in
1966 and 1967 (Heinrich, unpublished company report,
1966) have supplied additional information on the un-
its. Table 17 is an attempt to decipher and interpret the
interrelationships.

COMPARISON

The three pegmatites are compared in table 18. The
reassessment of the nature of the finer grained units in
the Bikita pegmatite demonstrates that Bikita and Ber-
nic Lake are structurally very similar, both having aplitic
albitites (some wavy banded) and lepidolite replacement

!Actually the “main Bikita pegmatite” may be but one limb (the easternmost) of a much
larger undulatory sheet. The eastern limb passes north of the Al Hayat sector into an anticli-
nal unit, and thus connects southwestward into a synclinal phase to the east of which lies a
third main unit, an east-dipping synclinal limb (see Gallagher, 1962).
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units. The latter is centrally located in both but is much
more strongly developed, both in size and grade, at
Bikita than at Bernic Lake. At Bikita the lithium mica is
chiefly lepidolite, whereas at Bernic Lake it is predom-
inantly lithian muscovite. As at Bernic Lake, the aplitic
albitites at Bikita are concentrated in the lower part of
the pegmatite.

One of the main differences between Bikita and Ber-
nic Lake is in the extent to which the petalite has been
transformed to spodumene + quartz. At Bikita about 50
percent of the petalite has been converted; at Bernic
Lake probably about 90 percent of the petalite has been
transformed.

RESERVES
VARUTRASK

There has been no mining at Varutrask since early
1950, but in late 1960 “some stockpiles of lithium min-
erals” still were available (Erland Grip, written com-
mun., 1967). Doubtless these are small, and the total
amount of lithium in all reserves at Varutrask (petalite,
spodumene, lepidolite, amblygonite) is small, possibly
no more than about 100 tons of ore.

BERNIC LAKE

Lithium reserves for the Bernic Lake pegmatite were
calculated by Howe and Roundtree (1967) who esti-
mated lepidolite reserves at 107,700 tons containing an
average of 2.24 percent LipO and spodumene reserves
at 4,727,263 tons containing an average of 2.01 percent
LisO, excluding ore that must be left in a pillar unless
the overlying lake is drained. These data indicate a total
of 45,000 tons of lithium (Norton, 1973). Since then
drilling has considerably extended the dimensions of
the spodumene ore body, and the total lithium reserves
are at least 50 percent greater.

BIKITA

Symons (1961) calculated reserves of 6,700,000 tons
of all lithium-mineral ores (petalite, spodumene, lepido-
lite, amblygonite, eucryptite) averaging 2.90 percent
LisO or 90,000 tons of lithium (Norton, 1973). Calcula-
tions on measured reserves of all types of ores known at
the end of 1965 available to the writer show that 76,000
tons of lithium were in these reserves. This total does
not include the unmeasured resources of the northern
extension and the two western “arms.”
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TasLE 17.—Internal structure of the Bikita, Rhodesia, pegmatite from hanging wall downward to footwall

Symon's (1961) and Cooper’s (1964) designations

Al Hayat Sector

Bikita Sector

Mineralogy

Interpretation (this paper)

Border zone . ____._________________
Wall zone—mica band __
Hanging-wall feldspar zone
Intermediate zone:

petalite-feldspar zone __________________
Intermediate zone:

Border zone
Wall zone—mica band _____
Hanging-wall feldspar zone
Intermediate zone:
petalite-feldspar zone
Intermediate zone:

spodumene zone ______________________ spodumene zone .. __________......
Intermediate zone:
feldspathic lepidolite zone_____.._______
Intermediate zone:
pollucite zone __

Intermediate zone:

pollucite zone . __.____________________
Intermediate zone:

feldspar-quartz
Intermediate zone:

“all mix” zone_ ... ___________...._

Intermediate zone:
“all mix" zone

Core zone:
“High grade” | lepidolile
“Near solid” | lepidolite
lepidolite-quartz shell

Lower intermediate zone

“cobble zone.”

Lower mtermediate zone
feldspathic lepidolite.
Not recognized by Cooper
Rhythmically banded beryl zone -
Muscovite band
“Spotted dog” zone

Footwall feldspar zone

f. gr. alb,, qtz., musco__._____.___________
C. gr. musco., qtz .-
micro.-perth., gtz., musco

pet., micro.-perth., alb., musc., qtz -.._.___

spod.-qtz., in matrix alb., musco., qtz.,
eucryptite, bikitaite,

f. gr.lepid.,alb., qtz ... ___
pollucite, lepid - oo
micro.-perth., qtz.______________________

micro.-perth., qtz., pet., spod.-qtz., beryl +
cleav., lepid.

lepid e
lepid., quz _.___

lepid., qtz., amblyg.

lepit., alb., qtz

lepid., alb., qtz —- . ____________________

alb., qtz
lepid., alb., qtz., beryl, tant. ________
musco., qtz
alb. + blebs of musco.-qtz ________________

1)  Hanging-wall border zone.
Hanging-wall wall zone.
3) Intermediate zone.

4) Intermediate zone.

4a) The spodumene-quartz aggregates
represent former petalite crystals.

5)  Aplitic lepiodolite albitite.

6)  Pollucite zone.

7)  Core-margin intermediate zone.
)

8) Spodumene-quartz replace petalite.
Clevelandite and lepidolite are sec-
ondary. Part of core-margin inter-
mediate zone.

9) Lepidolite replacement of a quartz
core. Quartz increases downward.

10) Remnants of quartz-amblygonite core.

11a) Lepidolite “bands”, lenses, veins in
banded aplitic albitite.

11b) Lepidolite disseminated in aplitic al-
bite-quartz rock.

llc) Aplitic albitite.

11d) Banded aplitic lepidolite albitite.

12)  Footwall wall zone.

13)  Footwall border zone.

Abbreviations: alb. = albite; amblyg. = amblygonite; cleav. = cleavelanditic albite; lepid. = lepidolite; micro.-perth. = microcline-perthite; musco. = muscovite; pet. = petalite; qtz. = quartz;
spod. = spodumene, tant. = tantahte: f. = fine; c. = coarse; gr. = grained; | = sequence from center core outward.

TaBLE 18.—Comparison of Varutrask, Bernic Lake, and Bikita pegmatites

Varutrask

Characteristic (1.7 by

Bernic Lake
(2.6 b.y.)

Bikita
(2.65 b.y.)

Shape and attitude Flat-troughed sheet

1,050 ft(+?)-—_—____.
10-100 fo__________
Amphibolite
Albite, tourmaline - ___________

Size (strike and dip)
Thickness
Wall rock
Wallrock alteration

Internal stiucture Relatively symmetric; lepidolite
replacement.

Li,Cs,Rb,B,P, F____________

Nb, Ta, Ti, Sn, U, Mn
Be, As, Sb.

Petalite, spodumene, amblygo-
nite, lepidolite, Li-muscovite,
cookeiite, triphylite -lithi-
ophilite, ferri-sicklerite.

Secondary (major); recrystal-
lized secondary (minor).

Petalite, spodumene-quartz, pol-

lucite, lepidolite.

Major accessory elements
Minor accessory elements ____

Lithium mineralogy

Types of spodumene

Economic minerals

Nearly horizontal sheet

4,000 by 1,500 (+)
60-280ft -
Amphibolite
Biotite, holmquistite, tourmaline,
apatite. )
Strongly asymmetric; aplitic albi-
tites; lepidolite replacement.
Li, Cs, Rb, Ta, Ti, F
Nb, Sn Mn, B, P, Mo, Bi

Petalite, spodumene, amblygo-
nite, lepiclolite, Li-muscovite,
eucryptite, cookeite, triphyllite-
lithiophilite, lithiophosphate.

Zonal (very minor); secondary
(major) (minor).

Spodumene-quartz, Ta minerals,
pollucite.

Irregular to tabular gently dip-
ping.

5,100 (+)

95-210 ft

Amphibolite.
Biotite, tourmaline (?).

Strongly asymmetric aplitic albi-
tites; lepidolite replacement.

Li, Cs, Rb, Be, P.

Nb, Ta, Ti, Sn
B, Cu.

Petalite, spodumene amblygo—
nite, lepxdolite, Li-muscovite,
eucryptite, bikitaite.

Secondary; recrystallized sec-
dondary (very minor).

Petalite, spodunicne-quartz,
lepidolite, amblygonite, eu-
cryptite, pollucite, beryl, micro-
cline, Ta minerals, cassiterite.
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NONPEGMATITE LITHIUM RESOURCE POTENTIAL

By James D. VINE
U.S. GEoLOGICAL SUrvVEY, DENVER, CO

ABSTRACT

The lithium content of most sedimentary rocks ranges from about
0.0005 to 0.01 percent, but rocks deposited in basins that contain
evaporite minerals may contain 0.01-0.1 percent lithium, and clay
minerals related to hectorite containing 0.3-0.5 percent lithium have
been reported from several localities in the western United States.
Although marine evaporite sequences that include potassium salts may
suggest conditions favorable for the entrapment of lithium-rich
brines, nonmarine evaporite basins probably represent the most
favorable trap for concentrated lithium brines. Areas known to con-
tain such exotic salts as borates and nitrates in nonmarine basins of
Tertiary age also contain anomalous concentrations of lithium in clas-
tic rocks, volcanic ashes, clays, and magnesium-rich carbonate rocks.

Once dissolved, lithium tends to remain in solution in residual
brines, even after evaporative concentration and precipitation of the
salts of sodium, potassium, and magnesium. Brines associated with
these evaporite minerals may contain as much as 1,000 times more
lithium than seawater contains.

INTRODUCTION

The distribution of lithium is less well understood in
sedimentary rocks than in igneous rocks where the con-
centration of lithium in the late stages of crystallization
and in mineralizing fluids expelled from the magma
chamber is fairly well documented (Heier and Billings,
1972). All the commercially important lithium minerals
occur in pegmatites or greisen associated with igneous
rocks. Recent studies (Horstman, 1957; Ronov and
others, 1970; Tardy and others, 1972) suggest that most
of the lithium content of sedimentary rocks is associated
with the clay minerals. Because clays are so widely dis-
persed in sedimentary rocks and the manner of lithium
fixation on clays is generally weak, lithium is only rarely
concentrated in sedimentary rocks in amounts of more
than a few tens of grams per tonne. The exceptions to
this broad dispersal of lithium in sedimentary rocks are
of special interest in the search for potential new sources
of lithium.

NORMAL MARINE SEDIMENTS

Seawater has an average lithium content of slightly
less than 0.2 mg/l (Goldberg, 1963), an amount that is
equal to the influx from river waters in about 6.4X106
years (Wedepohl, 1968, p. 1010). Hence, the residence
time for lithium in the sea is a relatively short interval of
geologic time, equal to about one-tenth the interval of
time since the end of the Cretaceous Period. Thus, an
amount of lithium equal to the total quantity in the
ocean must be removed every 6.4 m.y. Marine clays,
which contain an average of about 60 g/t lithium, pro-
vide the reservoir for this excess lithium. However, this
process of adsorption of lithium on clay particles is so
uniform throughout the ocean that it is unlikely that any
significant enrichment of lithium will occur in the sedi-
ments deposited in normal marine environments.

MARINE EVAPORITES

Local marine basins with restricted circulation may
develop hypersaline environments, and in warm dry re-
gions these waters will become concentrated enough to
precipitate evaporite minerals, including gypsum
(CaS0O4-2H,0), halite (NaCl), and various complex salts
of potassium and magnesium. Such evaporite deposits
have been estimated to compose no more than 1 percent
of the total mass of sedimentary rocks (Wedepohl, 1969,
p. 265), and most of these are of marine or marginal
marine origin. However, lithium is so soluble it will not
precipitate by evaporative concentration until after most
of the sodium, potassium, and magnesium salts have
been precipitated. Lithium precipitation is so rare a
situation that natural lithium salts have never been ob-
served.

In order for a restricted basin to accumulate a large
quantity of salt, it must have a regular source of fresh
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seawater by transport across a shallow bar or by periodic
flooding during storms. The heavier, more concen-
trated brines may be preserved by entrapment in the
pore spaces of the already precipitated salts, but some
brine may also be mixed and diluted with the fresh sea-
water. Some of the diluted brine will generally escape to
the open sea by ebbtide or through gravity return across
a permeable bar. Hence, in a basin of marine evaporites,
if we sum the sodium and lithium in both the precipi-
tated salts and the entrapped brine, the ratio Li:Na may
be less than, but cannot exceed, the ratio (0.0001) for
normal seawater.

With continued deposition and burial, the body of
permeable salt and brine will recrystallize into a solid
dry mass causing the brine that once filled the pores to
be expelled into adjacent clastic rocks such as sandstone.
Most of the lithium will be carried away from its original
environment of deposition into these adjacent sedi-
ments.

Because only those salts deposited from the most con-
centrated marine brines contain potassium minerals, the
occurrence of potassium may be an indication of the
former existence of a lithium-rich brine. Lithium does
not significantly substitute for sodium or potassium in
the common salt minerals, but the salts deposited from
the most concentrated brines may contain anomalous
amounts of bromine. This relation provides a way to
recognize areas favorable for potassium exploration,
and it may help to guide the search for lithium brines or
for neoformed lithium minerals that are a result of the
interaction between a brine and the rock in which it was
contained.

NONMARINE EVAPORITES

Nonmarine evaporites are the product of evaporative
concentration of water in undrained basins within the
continental landmass. Most rivers drain into the sea, but
an undrained basin may occur where the crust of the
earth is deformed so rapidly—or the rate of evaporation
is so high—that the streams cannot maintain their
course to the sea. Streams may also be blocked by vol-
canic activity, landslides, and glacial activity, but the
larger basins such as Death Valley in California and the
Dead Sea trough in Israel are the result of tectonic de-
formation of the earth’s crust in an arid climate.

The Great Basin area in the southwestern United
States (fig. 21) includes a relatively large area of un-
drained basins, both large and small. Some major rivers
flow into this area and contribute to the load of dissolved
mineral matter that is carried into a terminal lake or
playa. The Owens River of California drains the eastern
Sierra Nevada and terminates at Owens Lake, Calif. The
Walker River also drains an area of eastern California
and empties into Walker Lake, near Hawthorne, Nev.
The Truckee River forms the outlet for Lake Tahoe in
eastern California and flows into Pyramid Lake, north-

east of Reno, Nev. The Bear River drains part of south-
eastern Idaho and southwestern Wyoming, and flows
into the Great Salt Lake, near Ogden, Utah. The Sevier
River, which drains central Utah, terminates at Sevier
Playa, south of Delta, Utah. The Humboldt and Reese
Rivers flow through a large part of central and northern
Nevada and drain into Carson Sink, a large playa, near
Fallon, Nev.

The structural framework responsible for these basins
originated in mid-Tertiary time—some 20-25 m.y.
ago—when faulting produced the system of basins and
ranges extending from the front of the Wasatch Range,
near Salt Lake City, Utah, across western Utah and
Nevada to the eastern front of the Sierra Nevada, near
Bishop, Calif. Since the initial breakup, some parts of
this region have been integrated into the major drainage
of the Colorado River. However, the present course of
the Colorado River is geologically quite recent, and so
some basins that contain upper Tertiary evaporites have
only:recently been exposed by erosion. One such body
of salt is exposed along the Overton Arm of Lake Mead,
Nev. Salt deposits of nonmarine origin differ somewhat
from those of marine origin in not being laminated and
in being very low in bromine. Moreover, the ratio Li:Na
may be much greater in nonmarine evaporites than in
marine evaporites.

Chemical differences between evaporite basins are
pronounced. Great Salt Lake, Utah, and the Great Salt
Lake Desert to the west are characterized by high con-
centrations of sodium chloride. Others, such as Railroad
Valley, southwest of Ely, Nev., contain a large body of
salt that includes a body of gaylussite (NagCa(COgs)y
-5H,0). Bristol Lake in California is characterized by an
unusually high concentration of calcium chloride. Other
basins in the Mojave Desert area in California are
characterized by high concentrations of boron. Clayton
Valley, southwest of Tonopah, Nev., is characterized by
a high lithium-to-sodium ratio in a chloride brine. At-
tempts to explain these differences in terms of the
chemistry of the immediate drainage basin are only
partly satisfactory. This is because the history of the re-
gion is complicated. Many basins received overflow from
other basins during previous wet climate periods, and
some receive drainage by ground water flow from adja-
cent basins at the present time. Significant ground water
flow has been suggested as the reason that some basins
such as Clayton Valley have a wet surface while adjacent
slightly higher basins have a hard dry surface.

The origin of most of the major constituents of non-
marine evaporites—including the sodium, calcium,
magnesium, as well as the sulfate, chloride, and
carbonate—can be explained either by weathering of
rocks, including marine evaporites, within the drainage
basin or by the airborne salt carried into the area by the
prevailing westerly winds off the Pacific Ocean. How-
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ever, neither explanation seems to account for the un-
usually high ratio of lithium to chloride that distin-
guishes some of these brines, such as that of Great Salt
Lake, from sea-water. Deep ground water circulation
with subsurface heat and volcanic activity seems to be
the best alternative explanation for the source of the
lithium.

HYDROTHERMAL WATER

Although freshwaters generally contain only a few
tens of micrograms per litre of lithium, many hot
springs and geothermal waters contain 1-10 mg/l
lithium, and a few contain more. The high ratio of
lithium to sodium is so characteristic of geothermal wat-
ers that a ratio approaching 1:100 may be useful in rec-
ognizing a geothermal source, even where the water has
been cooled and diluted by surface waters (Ellis, 1975, p.
516). The elevated temperature of geothermal water
generally indicates deep circulation of ground water in
the vicinity of a buried heat source, such as a magma
chamber or volcano. Pore water in the rocks adjacent to
such a heat source will tend to circulate as in a giant
convection cell. Taylor (1974) has shown that the quan-
tity of water pumped to the surface in this manner in
mineralized districts such as Tonopah, Nev., is very
large. Hot water is more effective than cold water in
leaching lithium from rocks; hence, the amount of
lithium carried to the surface in hot springs is probably
very large. In Yellowstone National Park, and in similar
geothermal areas, most of the lithium is lost to streams
that carry it directly to the sea. However, the lithium
mica lepidolite has been reported from a drill core in the
Lower Geyser Basin in Yellowstone National Park (Bar-
gar and others, 1973), and lithium-rich clays, from the
Pliocene Teewinot Formation, have been reported
south of the park near Jackson, Wyo. (J. D. Love, writ-
ten commun., 1973).

Geothermal systems not only circulate lithium, but
may in some areas represent the ore-forming fluid re-
sponsible for deposition of base and precious metals. A
lithium asbestos, known as eckermannite, is associated
with lead and other metallic ores at the Camp Albion
district, Boulder County, Colo. (Wahlstrom, 1940).
Another example is the Spor Mountain beryllium de-
posit, Juab County, Utah, where lithium occurs with be-
ryllium, fluorite, manganese, and uranium. The possi-
bility of finding commercially significant quantities of
lithium minerals associated with hydrothermal mineral
deposits should not be overlooked.

BURIAL METAMORPHISM
When sedimentary rocks are deeply buried, many
changes take place that we associate with compaction,
diagenesis, and burial metamorphism (Noble, 1963).
Hydrous minerals that are stable during weathering at
the surface of the earth are, when deeply buried, trans-
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formed to less hydrous or anhydrous species (Coombs
and others, 1959; Jolly, 1974). Thus, at depth, hydrous
clay minerals such as montmorillonite are transformed
to anhydrous illite or mica, zeolites may be altered to
feldspars, hydrous iron oxides related to limonite are
transformed to hematite or may be reduced to pyrite,
and gypsum is transformed to anhydrite. All these
changes involve the loss of water, which can be quantita-
tively significant. Moreover, the lithium, which is lightly
adsorbed by many of these hydrous minerals, may be
released to solution. The water, released at depth, can-
not readily escape to the surface but will be forced into
fractures where it may be responsible for the deposition
of various vein minerals, such as cookeite.

SUMMARY

Because pegmatites and brines have supplied suffi-
cient lithium to date, there has been no pressing
economic reason to look for new sources of lithium. The
predicted future demand for lithium suggests that new
sources of lithium will be needed. To find new re-
sources, new prospecting techniques based on increased
knowledge of the behavior of lithium in different
geologic environments have to be developed. Hydro-
thermal sources of lithium may result in lithium deposits
similar to the beryllium deposit at Spor Mountain, Utah.
Concentrations of lithium in brines or sediments may
also be associated with nonmarine evaporite depos-
its or with extremely concentrated marine evaporites.
Cookeite deposits may be found in low-grade metamor-
phic terranes, and other lithium deposits associated with
hydrothermal activity may also be found.
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LITHIUM CONTENTS OF
THERMAL AND MINERAL WATERS

By DonaLp E. WHiTE, J. M. THOMPSON, and R. O. FOURNIER
U.S. GeorocIcAL SURVEY, MENLO Park, CA

Reported lithium contents of natural waters range
from less than 0.01 ppm to more than 500 ppm (table
19). Although absolute contents are of major interest in
commercial recovery, the ratios of Li to other major
constituents are more significant in evaluating origin
and diverse effects of evaporation, dilution, and water-
rock interaction. The most useful single ratio is LV/Cl,
which is emphasized in this text, but Li/Na has nearly
equal usefulness.

Lithium/chlorine (by weight) is lowest in ocean water
(0.00001, table 19) and becomes progressively higher in

Thermal and mineral waters of high salinity tend to
have intermediate Li/Cl ratios, generally ranging from
about 0.0001 to 0.001 (table 19). The median ratio for
oil-field waters is probably near 0.0003, but a few ratios
attain 0.001 and even higher; one notable example is
brine from the Jurassic Smackover Formation of Texas
and Arkansas, which averages 0.001. Individual
analyses are greater than 0.002 and Li contents are as

TasLe 20.—Lithium contents of average rocks, in ppm
[Data from Krauskopf (1967))

major North American rivers (0.00004) and in small : , LiNa Lyt
. . . A Rock type Li Na ratio Cl ratio
streams and meteoric springs (variable and unreliable
i i Crust oo 20 24,000 0.0008 130 0.15
values becau_se so dilute, but ranging from 0.001 to 0.1). Crust . 2 24000 oo} 200 iz
1 1 1 Basalt ____ 10 19,000 .000 .
For comparison, the ratios in major crustal types are | Basalt- ..o 1o 9000 000 80 a7
granite, 0.15; basalt, 0.17; and shale, 0.38 (table 20).
TasLe 19.—Lithium contents of various waters, in ppm
LiNa LifCl
Li Na ratio cl ratio Source
Water
OCEAN - oo 0.17 10,500 0.00002 19,000 0.00001 Krauskopf (1967).
North American rivers________________________ .003 ~9 0003 8 .0004 Livingston (1963).
Meteoric warm springs, (median of 5, ~50°) ____ .04 ~30 .001 5 .008 Mariner and others (1975).
Salton Sea brine, Cahf. (~350°C) _ .. __________ ... 215 50,400 043 155,000 .0014 White (1968).
Oilfield brines
Jurassic Smackover Formation brines of X
Gulf Coast (average).__ 174 67,000 0.0026 172,000 0.0010 Collins (1974).
Alberta, Canada.___-____ 81 42,000 0019 113,000 .0007 White (1965).
Kern County, Calif 9.9 6,700 0015 15,300 .0006 White (1965).

Evaporate brines

Clayton Valley (connate?), Nev 380 66,200 0.0057
Searles (connate?), Calif ______________________ 81 110,000 .0007
Permian Salado Formation (connate?), N. Mex . 16 14,300 .0011
Permian Salado Formation (solution of salts), N. Mex .- - 2.8 95,000 .00003
Pennsylvanian Paradox Member; Hermosa Formation

(connate?), Utah o eeo. 66 6,000 011

95,200
121,000
200,000
157,000

241,000

0.004
0007
00008
00002

.0003

Kunasz (1970).

G. 1. Smith (oral commun., 1975).
White and others (1963).

‘White and others (1963).

White (1965).
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much as 500 ppm (Collins, 1974). The interstitial waters
of some evaporites, marine and nonmarine, are notably
high in Li (table 19): 81 ppm in the upper salt brine of
Searles Lake (Li/Cl ratio 0.007) and 300 ppm in the
commercial Clayton Valley brines (LVCl ratio 0.004).
Nearly all saline waters of high temperature geother-
mal systems are much enriched in Li. The Salton Sea
brine (350°C and 26 percent salinity) has 215 ppm of Li
(LVCI ratio of 0.0014 and an estimated 1.0 million ton-
nes of Li in 5 km? of brine; White, 1968). Moderately
saline geothermal waters exceeding 200°C and closely
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associated with young silicic volcanism range from about
1 to 50 ppm of Li and have the highest Li/Cl ratios of
any major group of thermal and mineral waters, rang-
ing from less than 0.001 to more than 0.02; the median
ratio is about 0.004 (White and others, 1963). The rela-
tively dilute thermal waters of Yellowstone National
Park are especially notable, having an average Li con-
tent of about 3 ppm and an Li/Cl ratio of about 0.01.
The calculated discharge of Li from Yellowstone Park is
about 480 tonnes per year, or 48 million tonnes over the
probable minimum activity of 100,000 years (table 21).

TaBLE 21.—Lithium contents of waters of Yellowstone National Park, Wyoming, in ppm
[From Thompson and others (1975)]

LiyNa Li/Cl1 Temgcrature
Location pH Li Na ratio Cl ratio !
Near-neutral chloride waters
Upper Geyser Basin:
Ear ____ . 9.2 5.2 335 0.016 417 0.012 95
Glantess ______________________________ 9.2 5.7 365 .016 439 .013 95
Punch Bowl ________ . ________________ 8.3 4.0 425 .009 295 014 95
Sapphire _____________________________ 9.0 2.3 450 .005 308 007 95
Imerchange __________________________ 8.6 3.2 300 011 226 014 74
N[)rmg near Y-8 ______________________ 8.9 2.9 429 .007 293 010 79
yriad near C-1 ______________________ 9.9 4.0 310 013 404 .010 94
Midway-Lower Basins:
Rabbit Creek (Y-5) __-_________________ 8.4 3.3 375 .009 271 .012 95
Fountain P.P. near Clepsydra __.__.______ 9.4 2.8 380 .007 325 .009 92
Porcupine Hills near Y-13 ______________ 9.2 4.6 341 .013 312 015 93
Ojo Caliente (Y-8) __..________________ 8.2 4.2 335 .013 331 .013 95
River Group __________________________ 9.4 3.4 339 .010 323 011 93
Fairy Meadows ________________________ 8.7 3.4 390 .007 319 .011 87
Imperial Group.______________________ ~9.1 2.4 290 .008 222 011 93
Sentinel _______________ _______________ ~8.5 1.7 309 .006 300 .006 94
Sylvan . 5.7 4.8 410 012 531 .009 93
Norris:
Cistern________ . __ 7.1 4.3 316 .014 476 .009 93
Fenner drilthole ______________________ 4.6 7.9 440 .018 720 011 92
Porcelain Terrace, base ____ .. __________ 8.4 6.8 400 017 713 .010 93
Pork Chop o 8.0 6.3 470 013 780 .008 91
Yellowstone Canyon (7 mile) __._____________ 8.9 3.3 347 .010 376 .009 92
Vermillion Group__________________________ 8.6 .35 430 .0008 244 .0014 67
Rainbow Group - - _ o ___ 8.4 .55 354 .0016 304 .0018 92
Heart Lake, Spike Group __________________ 9.5 6.7 400 .017 363 018 93
Lewis Lake - ______________________________ 8.0 6 140 .004 79 .008 Hot
Shoshone Basin, Bronze Group ______.______ 8.8 1.5 315 .005 167 .009 93
Lone Star (Y-6) o ______________ 8.2 1.7 329 .005 417 .004 68
Travertine-depositing springs
Hillside ________ o ______ 8.6 0.84 151 0.006 73 0.012 83
Firehole Lake, Steady ______________________ 8.4 .40 85 .005 44 .009 93
Terrace Springs  __________________________ 7.3 .75 305 .002 65 .012 59
Mammoth ________________________________ 7.3 1.6 130 .012 166 .010 73.5
Thermal, acid SO4—Cl waters
Norris Basin:
Little Whlrllglg ________________________ 3.2 4.6 345 0.013 582 0.008 93
Realgar® ______________________________ 3.2 3.6 - 334 .011 492 .007 88.5
Horseshoe? ____________________________ 2.5 2.8 235 012 341 .008 86
Echinus® ______________________ 3.2 .93 160 .006 103 .009 85
Emerald®__________________________ 3.05 3.6 308 .012 460 .008 89
Unnamed . ________________________ 3.3 3.7 290 .013 468 .008 54
Green Dragon ________________________ ~2.7 2.3 145 016 216 011 ~93
Green Dragon ________________________ ~2.7 4.0 273 .015 447 .009 92
Northwest of Fenner drill hole __________ acid .70 63 011 88 .008 63
Shoshone Basin____________________________ 2.4 .16 60 .003 60 .003 93
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TaBLE 21.—Lithium contents of waters of Yellowstone National Park, Wyoming, in ppm—Continued

Li/Na Li/Cl Temeerature
Location pH Li Na ratio Cl ratio (°CY)
Thermal, acid SO, waters
Summit Lake? ____________________________ 2.8 0.02 30 0.0007 5 0.004 94
Washburn ____________ o _____ 4.5 .02 14.8 .001 .1 2(?) ~90
Hot Springs Basin  ________________________ 1.8 .01 11.0 .0009 .1 1(?) 76
East of Su%phur Cauldron -_________________ 2.0 .01 25.4 .0004 2.1 .00 88
Heart Lake? ______________________________ 2.8 <.01 2.2 <.005 3 <.003 87.5
Joseph Coats ______________________________ 1.8 .01 7.0 .001 .1 A1) 86
Dilute neutral waters
Cold Streams
Thumb Creek ________________________ 7.5 0.04 27 0.0015 1.4 0.03 5
Litde Thumb __________________________ 7.4 .01 4.4 .002 1.3 .008 7
Elephant Back ________________________ 7.3 .02 9.2 .002 -8 .03 Cold
Cold Springs:
West of Black Sand ____________________ 7.5 .02 6.7 .003 3.8 .005 14
Midway Picnicarea —__________________ 7.3 12 32 .004 17 .007 21
Sylvanarea____________________________ 7.80 .02 3.0 .007 2 1(?) 5 .
Thermal meteoric waters:
Fairy Meadows ________________________ not reported .09 16.2 .006 1 .06 26
Southwest of Gibbon Hill ______________ 8.6 12 63 .002 1.6 .08 68
North of Gibbon Falls __________________ 6.0 .1 24 .004 .8 12 31
i{)ecimen in Geyser Creek area ________ 7.9 .05 65 .0008 5 .01 92
illside . ______ . 7.4 .04 10.4 .0004 4.0 .01 32
North of Biscuit Basin__________________ 6.9 .01 10.0 .001 .8 .01 48

'Boiling at this elevation 1s 93°C. Springs above 93°C are superheated.
*Unpublished data of Thompson.

The most probable explanation for Li-enriched geoth-
ermal waters is selective leaching of part of the Li from
rocks at temperatures above 200°C; 300° to 500°C may
be especially favorable. The evidence for direct in-
volvement of magmatic fluid high in Li and other con-
stituents is a real but still controversial possibility.

Lithium is evidently removed from river and ocean
waters and is fixed by low-temperature reactions in clay
minerals. In simple evaporational processes, most brines
require source waters that are higher in Li/Cl than is the
brine. The Clayton Valley brine (table 19), which has an
Li/CI ratio of 0.004, probably requires a main supply
from hot springs containing an Li/Cl ratio of 0.01 or
higher and a localized evaporation basin with little
inflow of other Cl. The upper Tertiary rhyolitic vol-
canism and hydrothermal ore deposits west of Clayton
Valley may have been essential in supplying Li.

Diagenetic, metamorphic, and igneous-related
water-rock interactions at moderate to high tempera-
tures are probably essential in accounting for the rela-
tively high Li contents of most thermal and mineral
waters.
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LITHIUM RECOVERY FROM GEOTHERMAL FLUIDS!

By C. E. BErTHOLD, HAZEN RESEARCH, INcC., GoLpEn, CO, and
D. H. BakER, Jr.,U.S. BuREAU OF MINES, BouLDEr CiTY, NV

ABSTRACT

The lithium resource of the Imperial Valley, Salton Sea KGRA
(Known Geothermal Resource Area), in southern California, appears
to be of significant size, comparable to the Clayton Valley, Nevada,
lithium reserve in quantity of contained lithium.

Lithium occurs, presumably as lithium chloride, in amounts of
about 200 ppm (as Li) in the geothermal fluids obtained from depths
of 5,000 feet or more (as typified by Sinclair No. 4 fluid).

Recovery of lithium from this resource can be achieved by chemical
concentration (precipitation) techniques and ion-exchange methods,
both liquid and solid, among others.

The paper will discuss in general terms the studies undertaken and
preliminary results obtained in attempting to recover lithium from this
resource.

INTRODUCTION

Geothermal fluids from various sources in the West-
ern United States contain quantities of lithium ranging
from the low parts per million level to concentrations of
hundreds of parts per million (ppm). Some of these
geothermal resources can be considered to be signifi-
cant, if not major, resources or reserves of lithium.

In some studies on recovery of mineral values from
geothermal fluids for the U.S. Bureau of Mines, a sam-
pling survey was made of several hot springs and geo-
thermal sites in the Western United States. Table 22
presents a summary of the lithium content found in
some of these geothermal fluids and hot springs waters.
As can be seen, the geothermal fluids of the Salton Sea
Known Geothermal Resource Area (KGRA), Imperial

TaBLE 22.—Lithium contents of selected geothermal fluids and hot
spring waters!

Lithrum
concentration

Location (ppm Li)
Mesa L-6-1, Imperial County, Calif.,

pre-flash, 8,000-ft depth _____________________ 55
Magmamax No. 1, Imperial County, Calif.,

pre-flash, 2 400-ft depth ___________________________________________ 143
Sinclair No. 4, Imperial County, Calif.,

post-flash, 5,400-ft depth 238
Coso Hot Spring, Inyo County, Calif.,

average of published analyses ____________________ ____________________ Trace to 0.3

Darrough Hot Springs. Nye County, Nev.
post-flash________ .. .06
Golconda Hot Springs, Humboldt Count :
No. |

No.2 ... 1.0
Beowawe Steam Well, Eureka County, Nev.
post-flash ___ . 3.3

!From work performed by C. E. Berthold and others, June 1973 for the U.S. Bureau of Mines
under contract No. SO 133084, Process Technology for recovering geothermal brine minerals.

"The data and results presented herein were obtained during the performance of work for
the U.S. Bureau of Mines under contracts SO 133084 and HO 144104. The views and
conclusions presented herein should not be interpreted as necessarily representing the official
policies or recommendations of the Interior Department, Bureau of Mines, or of the U.S.
Government.

County, Calif., contain significant concentrations of
lithium. Lithium reserves within this KGRA site have
been compared in quantity with those of the Clayton
Valley, Nevada, area, that is, approximately 40,000
tonnes of contained lithium (Kunasz, 1975).

The lithium content of the Salton Sea geothermal
fluids appears to vary, both with respect to location
within the reservoir and depth of the producing zone.
As an example, Magmamax No. 1 well produces brine
from the 2400-foot level and has a l<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>